12 United States Patent

US010629686B2

(10) Patent No.: US 10,629,686 B2

Pham et al. 45) Date of Patent: Apr. 21, 2020
(54) CARBON-CONTROLLED OHMIC CONTACT (56) References Cited
LAYER FOR BACKSIDE OHMIC CONTACT N
ON A SILICON CARBIDE POWER u.5. PALENT DOCUMENIS
SEMICONDUCTOR DEVICE 6,599,644 B1* 7/2003 Zekentes ............. HOI1L 21/0485
257/750
(71) Applicant: SEMICONDUCTOR COMPONENTS 7,547,578 B2  6/2009 Agarwal et al.
INDUSTRIES, LLC, Phoemix, AZ (Continued)
(US)
FOREIGN PATENT DOCUMENTS
(72) Inventors: Thi Thu Phuong Pham, Bucheon oN 103578060 A 5014
(KR)§ Kyeongseok Parlf,, Bucheﬁn Ep 5070101 Al /2000
(KR); Andrei Konstantmo:v, Sollentuna Ep 20036900 Al 32016
(SE); Thomas Neyer, Munich (DE)
_ OTHER PUBLICATIONS
(73) Assignee: Semiconductor Components
Industries, LL.C, Phoenix, AZ (US) Hanamura et al, “Heat Resistant Metallization Technique for SiC
Power Devices, Review of Automotive Engineering,” Jan. 2008,
(*) Notice: Subject to any disclaimer, the term of this 375-330. |
patent 1s extended or adjusted under 35 (Continued)
U.S.C. 154(b) by 1 day. Primary Examiner — William A Harriston
(74) Attorney, Agent, or Firm — Brake Hughes
(21) Appl. No.: 16/052,876 Bellermann LLP
22) Filed: Aug. 2, 2018 57) ABSTRACE
(22)  Filed s & A semiconductor power device may include a Silicon Car-
_ o bide (S1C) layer having an active power device formed on a
(65) Prior Publication Data first surface thereof. An Ohmic contact layer may be formed
US 2020/0044031 A1l Feb. 6, 2020 on a second, gpposipg suﬁace of ‘Fh.e S1C !ayerj tl}e Ohmic
contact layer including Nickel Silicide (Ni1S1x) with a first
51) Tot. Cl silicide region containing a {irst precipitate of non-reacted
(51) Illlgl 7 2 0/16 5006.01 carbon disposed between the S1C layer and a second silicide
011 2107 ( 00 6. 0 1) region. The second silicide region may be disposed between
_( 01) the first silicide region and a third silicide region, and may
(Continued) include a mixture of a {first precipitate of refractory metal
(52) U.S. CL carbide and a second precipitate of non-reacted carbon. The
CPC .... HOIL 29/1608 (2013.01); HOIL 21/02521 third silicide region may contain a second precipitate of
(2013.01); HOIL 21/0485 (2013.01); refractory metal carbide. A solder metal layer may be formed
(Continued) on the Ohmic contact layer, with the third silicide region
(58) Field of Classification Search disposed between the second silicide region and the solder
o L I HOIL 26/1608  'metal layer.

See application file for complete search history.

20 Claims, 15 Drawing Sheets

Formationoftopside power 302
device structure

Wafer thinning }\_,;3[]4

Depositionofnickel e 306

Depr::srthn ofecarbon 308
gettering metal

Firstlaser anneal S ]

De pasition of Nicke | 312

Second laser anneal e ——a14

De position of solder metal ’\—/315

Die singulation "’318

packaging

e 320




US 10,629,686 B2

Page 2
(51) Int. CL
HOIL 21268 (2006.01)
HOIL 21/04 (2006.01)
HOIL 29/45 (2006.01)
HOIL 23/00 (2006.01)
(52) U.S. CL
CPC ............ HOIL 217268 (2013.01); HOIL 24/32
(2013.01); HOIL 29/456 (2013.01)
(56) References Cited

U.S. PATENT DOCUMENTS

8,440,524 B2 5/2013 Fujiwara et al.
8,450,196 B2 5/2013 Rupp et al.
2005/0104072 Al 5/2005 Slater, Jr. et al.
2015/0048383 Al*  2/2015 Tsujl .coooevvvvvrininnnnn, HO1L 29/40

257/77

OTHER PUBLICATIONS

Tous et al, “Nickel silicide formation using excimer laser anneal-

ing”, Energy Procedia vol. 27 pp. 503-509, Apr. 3-5, 2012.

Yu Cao et al., “Contact Formation on Silicon Carbide by Use of
Nickel and Tantalum i1n a Maternials Science Point of View,” Apr.
2011.

De Silva, et al. “Low Resistance Ohmic Contact Formation on
4H-S1C C-Face with NbN1 Silicidation Using Nanosecond Laser
Annealing.” Materials Science Forum. vol. 858. Trans Tech Publi-
cations, pp. 549-552, 2016.

* cited by examiner



U.S. Patent Apr. 21, 2020 Sheet 1 of 15 US 10,629,686 B2

181 Solder Metal Layer(s)

17
' 8 1783
175 Ohmic 1773 17@:00000000000000
150 0000000000000 00

Contact Layer 176a

76po0o000 0000000000

101b SIC substirate Laver

102 Achive Deavice

FIG.1A



U.S. Patent Apr. 21, 2020 Sheet 2 of 15 US 10,629,686 B2

102 Active Device

|||||!!!|||||||||

102 Active Device

101b

FIG.1C




U.S. Patent Apr. 21, 2020 Sheet 3 of 15 US 10,629,686 B2

102 Active Device

FIG.1D

1388

102 Active Device

FIG.1E



U.S. Patent Apr. 21, 2020 Sheet 4 of 15 US 10,629,686 B2

1888

175

2 Active Device

102 Active Device

FIG.1G



US 10,629,686 B2

<« -op jdwes

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Sheet 5 of 15

Apr. 21, 2020

U.S. Patent

......

lllllllllll

L
..........

- -
llllllllllllllll

T
i —
-
e ——
it L
le
-y o P A N -

L
- - o m e ey,
!
.:r_'l:*ﬁ-'-"

el

3ADQ0L

PIOOBY IV
I R R —




U.S. Patent

Apr. 21, 2020 Sheet 6 of 15

US 10,629,686 B2

Form ation oftopside power
device structure

~——302

Wafer thinning

~——304

Deposition ofnickel

~——306

Deposition ofcarbon
gettering me tal

~——308

Firstlaser anneal

~——310

De position of Nicke |

~——312

Second laser anneal

~——314

De position of solder metal

Die singulation

~——318

packaging

~—320

FIG. 3



U.S. Patent Apr. 21, 2020 Sheet 7 of 15 US 10,629,686 B2

"1

crm ation of top sid e PO W ey ---.“ 47
g e vice ’

W
et
.
-
I
.qr-{q i
L
-~
Vi

404

Woater th in nin g

Deposition of nickel 4086

First lase ranneald **-;»-—_---5108

P P T,
ge tte ring m etal '

[

Deposition of nic k e '~:--._--*412

Second laserannead — 414

____________________________________________________________________________________________________________________________________




U.S. Patent Apr. 21, 2020 Sheet 8 of 15 US 10,629,686 B2

et e e e e e e e e e e e e e e B e e e B e B e | o e gl R e e e B e e B e e B ilh
..........................................................................................................................................................................................................................................................................................
H J- 0&
. a [ ] fi .
W afteq th!ﬂﬂiiig
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
.............................................................................................................................................
---------------------------------------------------------------------------------------------------------------------------------------------
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ;ﬁﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ﬁﬁ*ﬁﬁ*ﬁﬁﬁﬁﬁ*ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ*ﬁﬁﬁﬁﬁﬁﬁ**ﬁﬁ*ﬁﬁﬁﬁﬁ*ﬁﬁ*ﬁﬁﬁﬁﬁ*ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁi
{:J? fEE E:} {:} .E; i E: E {:} iFH {:} E E:: EE! ’ E:}- (:} E‘H I
. 1
. . 1
qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq tqqqqqquqqqquqqﬁququq wwwwwwwwwwwwwwﬁwww::wwwwwwwwwwwwwwwwwwﬁwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwf

Laser anneal T ~a10

De position ofsolder metal — 512

---------------------------------------------------------------------------------------------------------------------------------------------

Die singulation ‘*- —514

o o o o o o o T T T —F = = = = = = = —F = = = = —F = = —F = = = —F = —F —F = = —r = =" —r = =" —r = = = = = = = — — = — — S

cackaging '“"‘ —a16

FIG. 5



U.S. Patent Apr. 21, 2020 Sheet 9 of 15 US 10,629,686 B2

= BV {Volt)
Linear fit

84

e,
g,
i,

W
8320

700

1.34 1.36 1.38 1.40

FIG. 6



US 10,629,686 B2

Sheet 10 of 15

B E X NN XX ]

[ = R xxE w NN ] R e
S ."ﬂ".“...."..
e lllu

o
"

e e
R X NEX R X
. EE F llﬂlllﬂlll"l .
] R X K X |
T

et

. IHIIHHHH.HHHFHIIII "

E XK XX AL XEXEERI

EREEE N N NN xR LM

.-..-..._......._..._.._.._.r.__.._i....__.._....._..r.r.r.._..._..._.ll.-. EEXLXEXTERERN HHHH
.-..-.t.r.r.r.._ .r.._ .r.._ “a * - . .t.r.t............r.-..-..-_ Illl HIHH
dp de de e & B de de ok dr W .IHHH
KX

LA

L XX

N

[ A

oM

dr dr b & & 4 o Jr 0 0 o O B A
.-..............r.__.._.__ .__.r._..._.r....r.....r.r.........-_l..-..-_ .HHH

.-_....._......._..rn RN .r.....-.....-..-..-_

ettt

..".”.".",",H,%_..

P e
KX X R R X XRX

d

y
; t
o o o o o o o o o e

L I
l._l..-_ -

k 1
1

1
i
i
i
i
1
i
i
i
i

diaimnie, o .
—
-==m=

t
t
t

-+

y
¥

- LY
-
.T.T.T.T.TFT+.T.T+.T".T+.T.T.H..T.FI+I.$\|
¥
]
¥
¥

+ % ad-

f= = - e e e

A

e e

—

1
. i

T e Vg T Hogl Vg Hgr T |...|...|."
i

i

i

i

e e B e e e e e e de de

-
-

]
i
b

e

P T e
rrr A rTrr T -

Bladlc e~

{

;

L LT L LAY
1 ]

e IR, LY

t

+
+
*.
A8
+
+
+
+
L
T
+
+
t

:

- e e

t

a4 arwHT

.A..

iy dfm
_1."..." ]

- F owy w n fareles
t#- IPFJJ '

.

3

e -

- e

A s mm s mm s ajsama.
e e e e e e e e e e e B e e e de e ay e

3
b
b
T-
b

l.l..l..l.l...I.l.l..l..l.l.....l.l..l..l...T.l..l.l..l..-...

1 ]

-

--l--l--l--l-.-l--'--l--l--l--l-f--
-

—_—— -

e |

™y
| ]
£

-

bk S T T A T

- -
-

[ ]
P L s

111+111[T1111|

AN
e '\EL:I !

11111ﬁ1111+[11

-

i i
.. {
i

i
A

™

b

- -

LY .
-

-.‘"

L e ++-1-:++-1- -+ % %

T
]

"
|

w

= m s s s msss s s alsamaa
e e e e e e e e e e e e e i e e

1

- mmm
[P R T

‘ 0
i.-----.'-----
' L]
.'.-.‘..'I..........

b

_-———— e
-

Tor lor lar e I ! rl-.-l-.-l-.-l-.-l...l."l...u...u...u...u...

- mmmmE EE e e EE . E ... .

T T e e :,.-..,-..,...,......
k!

s

F

-t

PER I I IPIN I I P

..

a

[P S

Y
e

Apr. 21, 2020

J“. e T

| ()
+

i . b um - e
£}

| o

. o

T
]

:’
.....1.'|... Tttt g B fo e o B B o Vo e bt o o B b B B e e o e .1,......... [
. -
]
]
]
[l

L
1

v

L
-mmmmymmam .
e e e e A e e e e e

]

-
- - s mmam
e e e e e

i it

. |
T, X
. |

lor lgr Vo e e Vo
_——

-...:r:_..

-
+

I
e rrrr e e e

i

- -

iy
1
1
1

—|-—|--|-—|--|-‘--—|-—|---—|-

!

i, M,
1
1
1
1
1
T I "
1
1.
1
1
—_—

4

'H

PR R S T

[N Ry [y Ry Py |."|... [y ey iy

B I e T e o T e e o o o o e o

.

Y

E:
3!

P

YERAN

!
f

-

e e e e e e e e e e e e e e e ey e e e e

1 1

I

v 1

wlw i
-

]
1
1
]
1
. ]
LRLELA LA A Ay
1
]
1
1

A

T I
-

”.l.l..l..l.l.._-...l..l..l..l...—..l..l.l..l..l.l..l..l.l..l.l.

.1

t
t
T

S, S

- - e

1
e
“Ca e BT
TR
Tt

+.‘_‘

.l.l..ll-‘.

-.J-_J.l_l.ff

P mes

-

.

i
...l_.-_.._-._._.-."l..-..lll..f

]
]

i I
- —-—

. P

.
i

pr il lr T T T Ty

- s m mmommaa
e e e e e B e e e

- e

b
X

T
rrTrrrgr -

Tor T
v —rirrrrrdrrrrrbr et

[ I T

-
L.

1
1
1
1
1
1
1

U.S. Patent

{103
7348

702a__ |

I e e e e e e e o e e o o o o o i s o i i o i i s e i i ol o i ol o i o o

7o

o

Al

e o e e ]

[N S R

- o omr omr omrErowrowrowr
et el

- s A
N E E E S E s EEEESESESESSESESESESESSESESEESaE=

Frobe Position

e L e e
. E E EEESESESESESESSS>ESSS2523S2S2S2S2SESS2SSSESSSSESSSESESS S SESESESSSESSESSa.



US 10,629,686 B2

Sheet 11 of 15

Apr. 21, 2020

U.S. Patent

¥ttt n"n“nun“n“n“nxa“nun“n“n 3 ” "
W i
I oo oo 2 o N NN NN MNP L
a By aa e T aeap Taae a A
e A T e T e e K -
a e a EE RE  B rT ae a e Ta ae  Tae  T x -
n e e N i i T XA .
T e T e e
Tatata ..._“.r_-_ e ad ol e e e e E A
o KA R e
R T T e T
T U e e T
e o e e L e M A
e R T X u 'y -
i i - iy A T ar g T T e .
e e, e o e oo ae e e n e e W o ey e e T e T -
P A A A A I L .
T B T e e .
s T A e T e
e e e A B x  aae  Ta i
I o e -
T O o T T e T T e e -
OEREITRENE i x” e o, o o et L et N M N ) rr
B o e T T e T e e a e -
[ o o & W
e HHHHHHHHHHHHHHHHHHHHHHHH -“.t t#H&H&H..H&H*H...H.-_H* ._.knk X t...n.q X - e
Vokaa wa T e i i aa -e
a e de aa a aeTae e Ta aa e Ta Ta .
PRI = o X o x  x e  B  a  oE  y- .
w e e T T T T T T .
PR x o  x xR o Y, -
R e xR ol S A e - » x .
NN r x x e xx o mx o a ata aaa) ) R -e
et e e e T e T T T T g T e -
1..1.1.1..._,_-_ anan__.l naaanaannanl ol it ........r.._....r otk b E i .._.....r.....__.4.-_._..-.4...4#4;4...............&...&.4&.................. -
RPN Ry T li A o N A N .-
e e e e e nm e r el NN ¥ » * - * A Al -
et T ERRERREERRE -.._.r.r.___...-*....._....-_.........._.__.—......................___.__..___... F e g -
B T T A I T L A e e .-
. ol [ F b oA ol -
Pt H i xaxn"n"nan.- -Hkk..n.q”.qu...&.._ tH&H.qH&H&H.qHJtH.4H...H&H*H...#kh..r.rnkn.q”...nﬂ..F.r.q ...rt...H&H.qH...H._._H.._.___ Y - -
e l" W o e e e e e v el e e e
' m L I R T T L T A W N .
' " T e T o T A AL st et el ol s ol sl Al -
m e e e T e e e T T T e e e .
i N T e e e T T e T Tt T T e e e e e e B -
N e e e e wma  ll we “-l |l el rr
* O o T L T o o e W !
. 1.._I _-.....n.r.__.r.._.._.._.q.._.-. H.._..-........._..-.....-..._..._.._.-..._..._..r....q....._.-..-..q.-...........r......................r.r.t.-....._..-..... .............r.....r....r....t....r....................-_.-_ wlx ll ll ll o i
A dr i e e e e e e e T e T T e e o o e
i e ......ut e A N N N e AL N A L s nll-
* L L A N S e s M L N ) &
- N s L N A A ke A
" P A N O N o N o ol A M L L s
WA e S A N N N NN e e e e A a AT
N I N N A A N ke p sl
WA e e de o e T o e e T e Ta T e e e e e
L e o N A o
w i P N m o A
e T e e e e R e e
ra s e e e e e e e el e e e
A T T N T T N o N e A A )
a e W N F ] A ) ol
N ) ...H..,H# ....ru.rH*H...H&H*H...”...tJ..H...Htut...tn.q”...”&”.rh..r .....4”.__.”.4”4”...”&”*”...”.._”.-_.___
I A A N A R A ol Al e .
T T e e T e T e a T u Ta ae P L ] .
F I T N e et o Ml .
P N N e e e e e} ol x
e a T a T ae  Ta ae Ta a del a a e T e T
I S A A A o S o n
T T T T i W
L T n
& o r & o o A o
tHkH&H&H&H...H...H&H&H# r...n.___”...”t A tu... X ......H...H&H...”... *H...H... ......H...”&H...Ht i h..u -
. ar T e T e o e e g Tt e el e Vo T Ty e
o T i e T o e T e e T T e T T T T e e e e i e T T
e R N N e W e N
Vo B o dp de dr o dp o Al dp de de b i A S dp kg de b g dr W -
o E T e el W S o ) .
' S N N A A R R NN P ;
e w...n.qt.r.q...n.r...k-_...k&....r.r..k D W A R e o o o
Ve N I L L N P
e o o e e e e e i e e R B e e e S ol Sl P T S O S S At ©
ror W W M iy dr e i dp dp b e p dr de bk dr W ol drdr dr b e b dm i
e N N R N I T e e N
e Ty A T T e e e e e T T a a a T o T a2 e e
Ve e e aa A T e e ar e e e e T T e
T e Ao e e T T o e T e T T e e T T
el e e A N N A W o )
Fromomo1oa g e dr dp e iy e Bp dp de ol dp e de dr Mk de dp oM dp Ik de 4 b b M & drodg
et N e N N a aL N
P e e dr dr dp de e e dp de de i de ke e dp dp iy de M dr i d b b k& i
el et ey N N P N R N R T R s !
ke or R oa B i dpde & O dr o drdp d dp dp dp dr dp b & O dp de B Sl drdpdp bk b O dr N W 4
ey N T e A N T I el W S NS, ) »
T T e Ty R ER T e A N A R N P N
R N I N A N »
N e e e F o N o P ey g el R S
r o o e e e e o R o e e »
. - T R R T I T A R A S N N N oY
N x R R R N I A o e ety P A N :
' = T T T R N L N A N N s »
a O I I T T e S e R e e e e e R T A A e e R i S S el F
r " M N R A N R W A »
- M e .r.r.....r.-...r.r....__.rihi....r....r-. h.._.r.._.r.r.;..-..}.....l..-.l..-...;.........._....r.__ .
' -}.l u_.;..._l..r}.....b.....l..r.r.__........;..-...;.....l..._.}..-......r.r.._.r....i.._.....r R S R S S !
. ¥ L dr drdp dp Jdr dr dp dp iy dp e dp dr O be dp dr & dr dr e a b i b o dpd & M b A »
™ S b dr o dp e e Jp e dr i dpde de e drdr B oa dr dr dpa om dp e e bk A e dp ¥
! m........qn.q...n&...n.q....r.q...k.q...r.r. B A N N »
., & e dr iy dp e de dr de dp dp dp dr Jrodpdp o0k & b & O S e i S S i i >
' - R e S S e e e T S iy, e S el e e Sl e T S S 'Y * »
Sl O S e S R T e Sl Y o Sl Sl S S i a 4
' * e M NI AL N N M"k#tktkk#ttumh, »
Tl 3 d o dr o de ok de dr dp oy ko et de A bk m Mk kA h b od d ok bk > fa
r W odp dr ip ik dr dr el e dr ko drdr b bk a S T S e i g Sl A vy S
& o dr o dp i b O b Jp o df iy Jpodr e bk b & B & b & B dp bk b dp & o
' . ) -&kkkk&kkkkkrb.r..ﬂk#kk#kk*&k#ﬁk »
Pt W L T T T e S S e A P e B X
"1 o oaa o a Jr iy oy dp dp de de dr dr dp dp dp de dr Jr & O & e e S Sa Sty i !
P ow oA e g N.-'.r...l....r.r....r.r.r.r.r.......r.._.._..._.r......_..r1.._nn.._.._.._.._.._.._.r > W
" ko2 ko om Jr de dp b dp Jp Jrde Jp Jp dp e Jp dp dp dr Br dp Or bk de Il 2 b ko m & & b b M M & X -y
s a o om . & ar dr dp i dr dr g b dpdp dr bk b m & Jod kom & A h h E h Nk h Moa o
o wa B i M i dr dp Jrdrdr e dr dr & dr dpip b b b m od e & dd ok de A A A % -
Vo ¥ .__t....-..-......_..r....._.....r.r.r.._b###tnl*ktkbt#ktkk s -
' - D N L e W Ny I .
o B e e e R A R e R e e T Bl e e S e e ) » -
Ve T T o Wl A L s i A
i X dr g de g dr dp drdr de dr e Jr dr Or & Jp o dr i dp dr o O T S S S Sy o b X
T e e o A Rl )
v o N dr e dr e o dp o dp e e ey e e b dp dr b A de "
' Vel e e e a  aaa a aa a e o)
Ly mk.r...r...k......k.r.rk......k.r.r....k*.r i
' - S e dr dpdp dp de dp e e e dp W Wi dr dr b oa dp e iy
. s Jrom & b dr e dr dedr b b Jedrdedpodr b b & Jp o dp N
Pt " dr 4 B O g de dr de dr dr B e de dr drdp dp de de dp o de o de r X
rror N brdr 2 & & & Je b B de de & e dedp dp o de & dr dr de X
arrr . Wi b J b b Jr & U b Jp dr dr dr Jrdpdp de dr 0 dr ort P
P e e e g ik B h k  drdrdr b oa drdpd b b om k& >
el e, i e e T T T T e ")
SR ....l .-.t.r.............-......-...........r.........-...__ W .r.....-..l......-...........-...._ .....r.r.r.r.r.r.r.r.._ PO o .-......-..
1111.-..1_11.. dr Jr & i b W o Jr bra b dr drdrirh s b Ao ..l.
r o ™ g dr b de b Jpodr b b & b dr drodp b b b & & dr ot R
P e o e e e S S 2 Ak h oaoa h kN .
R N ) e T T T S S S -
roroa o Sy b dod e b N A P S i S 'y
e x m.rkk&k&...kk....._bbkkkrtkrbtﬂu )
) " B A e R R e S Sl S A
o > S dr dp @ dp b g dr dp dF dr Jr Jpode dedr de de dr dr U1 o™
ra ™ mb#k#ttb#l#b##bkk.tbth ar
Lor o N Jdp dp dpde M ok Ul de de Jpodp de b Jrom b kb b o o= oy
Foe o a S ddrd b om kbl h bl a b howomomoa k W
Fr ey e e e R e P It S o
r s r r - .T.'.T.r-r.r.r.'.r.r.'.r.r.'-.'.r.ll.r.'.'.rl.lllll.ll..rl.'l.'-.'m .'.'
P m##bkbbb##h.h-nn-unb##b.. Ty
e T w Sl A Mk oa b doa o mom s koaoa k kbl oAk > &
ror Do b b a b & B dpdrm o momom k homomoa k k dod r
™ n.__.__._..__.........__..rnin.__........._....__n.r.-.n.um
' r A aa a dd A kA P e S e S A S
. > b b & e Joip e o b & e drdp drdp b om oa koar
m - o T T A e e N e e Tl B e e i S 2.
v i ardr ar dr d i dr Jp e e dr drde drde dr o a omom ki
roa - N 4 b o om drom by ek i ddoaor §odd
ror > M&. X ke k w a k Ny __....._..r...n.._|1n.r.....-..r.-.._...._.__. a2
-1l- " '-.'-*.'-*.rl.'-l.r..‘l-r.r..'-l.'.r.r.lr.'.'1 M

W b dr doa dr Mg e hon o d b hoyoaa kN

LBE]

.
LI
L]

L
.

.

-

.
L
|r

1
.

'r.
'r'r
'rb
-

i o & U drodr 0ok .._..-_l. i .._.l.l .._._. ar .._.h.._. * .__h .l.__..._..._.._ * 1..__..._.} * ] o .__.'
rr o1 row a - - - - - s m - a .
e e e e 1-....-. .._.__.r.r.............r.._.__.....__ ....._.......__.._.__......r.........-..r.....-..........r.r.lin.__.r._..._._...........r.r.r.__.l.__.._.........__.rn.._-.._.__n.__.._.r.....-.......__.._n - .....-.......-_l.-..-_.-_l_.-. IIHH .-......__.._.__..-_
" r s onr kR b b o Jr b o o ok Jodr b dp dp dr dp b & o o B i b b bk b b ok b b i ko oa [N N M e e N
" a = onr sk a b U dr h b koS drodrode drdp o b b ko Jrodp droa Jroam b om b oa dod by b b hoa L) [ x w -
Tttt .__—..r.._.....__......_.__n.__n.r.r.....r.r.v.....r.....r.r.__.....r.....-.__.-.__ln.r.-...-..-..._....n.rn.....r.....t.rn.__.._....n.r.._.r.r....l.._..l..__l.__.r.r....__.._ o ....l..rl [) Hv.ﬂv.v_u_. l.__.r *
.-.-—_l.l.q.-_i — DL N N T T T O R R T A R T TN et R O NN T N RO Rt T N N 1 r e . E
- N r
3. ¢
‘. 4

ST N e e i e T e T

-




US 10,629,686 B2

Sheet 12 of 15

Apr. 21, 2020

U.S. Patent

Option 1

Probe Position

_ ! ; { ! i ! . . . ' ! i ] *
m ' | _ _. " : i “ i “ . ! | _. ' ‘
b 1 | | ] ' i 1 b ] 3 1 1 | .. " .
' A ! ' b 1 b ' H { h ' v
' ! ! ' b 1 b ' { ; ' .
1 i i 1 ! i I 1 ! i ! ' L]
' 1 ! ' b 1 b ' H ! ' . »
i t 1
r...............1....1.........?.............1.1......*1.1.1.......1.1.......".......................r........................"........................._........................1................................................“........................... ................1......_..........1.......1...!.1.......1...............*...............................................1._._.....1....1.1.......1.1__....1....1.1............1.1.1.1.1...._W...."......................L.
1 ! | I 1 | 5 ‘\.
L L L L Ly T ——" ! ﬂ i I 1 1 | ] et - 1 I-.Ii-._-l
! L] 1 . I_I_.I.I_.T.__-..-P.._.__u_-_.l..l.'.-..r.l..._..ll..l;_l.. " el | — a3 i T .E-
" ! " - ! T o e e e i - - ] iy .
- ] I 1 . - e
1 u 1 " l.-_-_-._.ill_-_.li-.-_l_....-_.-...---._I_.-...r I 1 b ' - | ! .
' ! ! ' - b 1 b o ! { ’
L ¥ 4 T e + 1 + T \ f T %
] i | 1 -~ I i t 1 . i !
' A ! ' ke b 1 b ' H { :
1 | | ' " b 1 k ! " | ! '
' ! ! ' fea b 1 b ' H { o
1 b i ' LY b | t 1 J.-J i 1 1
' | 1 ' - b i k ! | ! [ '
' ! ! ' b 1 b ' . { '
! i ! 1 ! ! i ! 1 : i . !
. . t 1 t 1 1 _f
1 u i " " t 1 t ! ' u ! "
' A ! ' » b 1 b ' H { '
' | 1 ' p b i k ! | ! '
' b | . b i t ! " ! 1
' A ! ' 2" b H b ' A ! . '
" ! | ! . ! | “ . L i !
H * -IIIIIIII IIIIIIIIIIIIIIIIIIII-II - - - OEE . O O .
_.IllIIIIIIII-.IIIIIIII“IIIIIIIII+IIIIIIIrIIIIIIII"IIIIIIII._IIIIIII_F-.IIIIIIIIIIIIIIII - E mmom IIIIIIII..__IIIIIIII.IIIIIIIII IIIIIII- X .” H “._"
1 i i ' n_ b i b 1 i i '
' b | . p } i b 1 ! 1
1 { L]
q ' - b 1 b ' { ! Il.l.
1 | | ' " b 1 k ! | ! '
1 i 1 1 ’ I 1 t 1 i i ]
' ! H ' ’ b 1 ﬂ ' o ! W
'
! u 1 " v w u E L : ! i "
T y T ' Tn I 1 t 1 “ i
1 " i 1 X I { t 1 y i
1 i 1 1 . I 1 t 1 i i
' A ! ' ' b 1 b ' H {
! Y ! ' . F i F ' . A
' b | . } i b 1 ! 1
1 y | ' L b i 3 1 . u | 1
' A ! ' -’ b 1 b ' ! { '
- 1 — smimamamacd - . Y I H 3 H p oot - .
! y ! ' Y b 1 b ! -ﬁ. q ! .\.‘_
1 | 1 ' ™ ] 1 k ! | ! '
' ! ! ' 1 b 1 b ' . { '
. | ! ' -.. t i t ' ! A :
1 " ] 1 ____.___. I ] I 1 r y ]
' b | . Y b i t ! " ! 1
1 b | ' - b 1 k ' q ! 1
L e EREEEEEE LR EREEREES EE - R
' 1 ! ' il b 1 b ' H { |
1 i i 1 N g, ™ - 3 ] [ 1 “ 1 .ﬁ-
1 | | 1 i.i..I. I ] t 1 ] ! 1
! | ! ' - b 1 b ! "oy 1
! y ! ' v b 1 b ! q ! '
1 " i 1 - I ] I 1 y i
' | 1 ' 1 b i b ! | ! 1
1 [ ! 1 b } ] } 1 [ T
T | L] 1 » I ] t 1 - “ ! 1
1 | | ' - b i k ! | ! ) 1
' b 1 ' L] ] 1 b ' y q ! ) 1
1 " i 1 ¥ I { t 1 y i
1 i 1 1 M I 1 t 1 i i
' A ! ' » b 1 b ' H {
1 | | ' ¥ b 1 k ! | ! '
' | | ' e b i b ! | ! L '
L L L G o L L LR e L R e e e e e ||.|u. -
1 | i 1 e I 1 k ! - q ! J 1
' b | . . b i t ! " ! 1
1 i i . - b i b 1 " i
' ! ! ' » b 1 b ' J ! { \.\
' b A . . t i b ' | ! '
1 | | 1 X I 1 t 1 ] 1 H 1
. | " 1 » t i * . T “1 ; aﬁ
' .
SN EUENEINE WNEVTI IUNUNENT SNUSE NUSUSEN SN S S NGNS SN RTINS SN SOV NSV USRI SR UNUSURN SURSUI T . S S
1 | 1 ' ) ] 1 k ! Y | ! '
' b A " - b i t ! b ! '
1 b | ' x b 1 b ' q ! 1
" i “ . i b “ “ 1 y " F
H 1 [ 1 ' " H I 1 . b .
! 1 i ! i oy ] b i I 1 i :
L ' "__ ! ' ; ! % b i b ' - { .\.“_
: ! Y 4 . T ; = F T F T . Y
! ¥ ! ' - F i F ' H \
1 " i 1 3 I { t 1 y i
! ! ! ' " t i t ' ! i
1 i i ' - t { t 1 . q 1 H
! Y ! ' . F i F ' ! A i
! i u 1 ....rl_.. ! ] ! 1 i b " '
- -
L] 1 L k 1 k 1 AT
|||1||||||||“||||||||__._|||||||||“||||||||||||||||.".||||||||||||||||||||||L-r.__|r.i.-...n““_||4*|||||||| ||||||||u.|||||||||||||||||__._*|||||||".|||||||#rr.||||||||“.||| 1|||;_-ﬁ.__. '
. u _ . . * * . P "
" 1 “ : J...... i “ . ! 1 .
] : ! : b i ' .
i 1 "__ | ' . ' ! o 1 t 1 u ! "
i 1 b " ' ' i ! b ..__l.-_ i b 1 q " 1
[ ]
q 1 b 1 b ' q 1
' ! b " 1 b ' { A
' : ¢ ; ; I ; T : - q v '
1 b 1 . t . i t ! ! 1
' A ! ' b -a 1 b ' . .o . '
1 i | 1 I . | t 1 i 1 ' 1
) 1 i | ! 1 / 1 b ___.-_. ] 3 1 b i r '
i 1 i 1 ! 1 ! ] b ~ 1 t ! q 1
i 1 i i ! 1 i ! I * i t 1 | 1 1
! ! q 1 ' 1 ! : b L b ' q ! 1
- ! — d — 1 — 1 S 4 & .-_.ll_mril. 4 - - E.l. F -— p
] T 4 ! p t i * t 1 i ! '
' . { . t 1 " t ' b .._. ! '
1 | | 1 I 1 l-ﬂ. t 1 ] 1 H 1
1 . | . t i | t ! . ! ! 1
' i | » b i b t ! " ! ! 1
' | | ' t 1 ! b ! { .rv 1. '
' | “ 1 b i M “ ' b ! . '
. 1
e = = .l..l..l.l.l..l..l..l..-..l.l..l.l..l..l..l..l.u.l..l.l..l..l..l..l..l.l...-...l.l..l.l.l..l.l r..l.l..l..l.l..l..l..l.".l..l.l.l..l..l..l..l..__ .l..l.l.l..l..l..l..l.l..l..l.l.l..l..l..l..l.l.l..l.l..l..l..l..l._. [, S ._.l.l.l..l..l..l..l.l.....l.l..l._i..l-.-.l..l..l.l.l._..l. .l.l.l.ll-.l.l.l.l.l.l.l.l.f“.!l.l.l.l.l.l.l.l [ J——— .l..."...l..l..l.l.l..l.l..l.
" ' “ : f H . i " k_. __ '
i ' ! ! b . i i * i . " ! \ !
: ! : ' . : t 1 : A !
] ' 1 ! ! ' ! ! b 1 KY 4 " A\ \ '
1 " ] 1 I ] A" 1 \ ] * 1
' A ! ' b 1 S ' { '
L ! | 1 ' t i ~ 1 \.\ { . .
— S bomrmrmrms p— : : - -.Ti...._: : -+ “ - -
q ' b 1 : k ! | / 1
1 ] b - ' H '
; | \ ; “ “ * T _ ”. "
' ! i ! b 1 ¢ R ™ ! . '
1 " 1 “ ] ! i 1 b “ “ + ! tl_“ " . 1
t 1
" : ! : * i A N ) :
P SV I, VVEPIPINPREPN PPN PRPINPRE JPRTPENPRTEPENPRTRY AIPRPENPISRPINPIL DUNPRVPENPIPEPNPINY ISPURPRT...  VUNPRTE AP APUNPUTEPNL IPUNPRTEp S SEVEPPUIPFPISIPAS. PSPPI (VRPN SUOVEPFTRR: [P
! ! [ 1 ! 1 i L I i 4 1 i ] '
_. : | ! ! : ._ ._ : i st . ‘. .
- L
! ' b 1 e b .,.tr
" ‘ u . * PP * _ b A _
q 1 b o b ! ..’l_.r ! '
. i " ' b AP L “ ! * “ '
[ 1 I - - i 1 ] . H 1
L e T e 1 e, i i ) ey
: . 1 u i : i i Y il ! “ " . w........ Pyl :
! ! ! 1 . e b i '
i ' \ . .. : ; i - * | * o \ __ e i "
' | | ' - b 1 b ! { ! '
" : " . - ! i ﬂ ' H " ..JII.. .
] 1 - t 1 1 | ! '
] ] L] ]
H [ H 1 ' H -y I | t 1 | 1
1 1 ] ] i 1 g 1 p 1 . L] -
= y—— - L -———— - } | FR— 1 Y o, - -y e e me e me e ——— -
e r : ' r ! i i ....l.Ti.#..rJ..lll S ottt S S ! il Mgttt A= = e : T
. Y | ' ; i Rulatn iy s - "
. “ \ " “ el i " ..GJT.‘..'.‘-.'..[AI...‘.".!. e | .
1 1 i ' i 1 . H - 1
| 1 ] Ii 1 ] ' b b .
" u “ " -~ Iy " ‘ u LN
! ! y ! ! 1 ' 2 b : t 1 ! i e Ll -
+ 4 | § t 1 + + - s e = ——r) T B KT R :
i ' | i i i 1 . - -
- L] [ 1 ! H | —y i -
1 Ll I t.E.-lJf I - .
: u i " l#.l..._.l. 1 u .‘A- P '
' b | ' - ! q - ! '
i . 1 u i ! i i e “ ! | " ! '
! i H 1 \ - e | g = " 1 N H 1
! " L] " ! 1 ; i e e | s -._._.I‘l ' i 1 ! 1
' “ H " ."l“..l.l_.l.l_ “ ﬂl‘-ll_ " u -..L‘ —— - "
1 i i ' I.l...l.l.l.-_...-v_l. b i . I 1 i\ i IR S 1
! ] 1 1 illlllt1$.ﬁ.ﬁ.—.lll - - . e t 1 R 1Y il '
] ] LTS pmmn | E—
! ! b 1 .- whgte., L 1
- n [ ] e LN R Y
i 1 " | ! 1 ' H [T { W 1 II*EF.-..-_.._.II_.II.!.I..-.I.I.I
i ' ! " ] . i .m R | ——— i 1 g b ' u H .li.'..l-.l..l..-.
i i .o " Bt
1 H 1 . ! t i t 1 "__ 1 : ’
1 b i ' b 1 k ! | 1 '
i " ! { ’ : i 4 A H b ' : v " ,
1 b | ' ] b i k ' | 1 ! 1 :
' | ! ' i t i b ! | ! ' ' b
' \ ! ; _ * ! _ “ . __ " _. . ¢
[ ] ]
. ! _ : | " ) | , : . : : :

f

Yo IV

FIG. 8E



US 10,629,686 B2

Sheet 13 of 15

Apr. 21, 2020

U.S. Patent

k.
k!
Y
Y

LR N NN XN ]

Ot
A A A Al
alaa a
.v_”..._””v_”..__””x”x”.g”..._v.
o aaa aa!
B
.a_”“v_”.._“””v_”..__w _””
R
¢
M
.

-

A A A A A L

E ol e e e M
.___””.._._v..___””!”..__“””u__v..___”” _v. ) -.___””H”!””!””H””!v..___?

T -ﬂ-‘-- Ty R T o g T -‘-

..._””v.f.v..__”v.v”v_””v.v.v.v.v L “”v.:.x”v_”v_”v.v”v.v.x A
A A A v“.-.!v.! Sl

AP PR R

A A

)

Ll
A

L
B R R R R A
A o

M

oW M

p A A
AN A AR .
; LA
P A B A A A M ;
N L ¥

I_HHHHHHHIHHHHHHH

| H‘ll';ll

3 E O
L X, L M
H!v H“H”HHH”H”_FU .ﬂ”!”!”.! Hu_ Hv.v.u_ X
L A
Sy T A
IHHHH. .u_.unv L

o
oy

M
o

F A N

»

M

A ey i ) .
P o Mo e P D N KK,
v.v_”xnawxv”r.:”xy”r v_vnxv.xr

j Ly j
o M e e e e M

WA W e

M A A AN MMM MM NMNAANAAN AN
e

L N N

|
H\lﬂv

= e
L ]
= A
=
]
”nxnax
G
-
[ x_x
L
XXX N
” I
L
[ x X x xR
A ] i
= U ; ; o
- HﬂHﬂHﬂHﬂHﬂHﬂHﬂHﬂHﬂn ey v.r.v”u.. .r.v”n..”xv. .v.v.v.._“v”v.v..__””x”rv.v.v
= A AR A A ALK
= U
L
= U
L
= E
L
= U
XXX XXX NN
XX XXX A W,
“ PP g P SR
L e i ol ol gl el
= A pnv.v_v A A W
[ x x x x x x x x x
AR XX XX XN A
= S
L
= U
XX RN N
= U
AR
e xx xxxxx
N XX e N
[ x ¥ x x % xxx
XXX EXEXR S
= U i
L
= S
L
= e
A X R XXX N N
= U i i
L
= U
XXX XX NN
= U
L
= Y
L
= S
L
= i
A XX XN
= U
XXX NN
e X x xxx X -
L e e
= U
AN E R XXX NN
= e i
L
= U
LA
= i
A M MR N
= U i i
L
= S 4 ;
N R X N e i
u N e el o i i
Ry o P B e P B B
i i
= S
L
= U
AR XX XXX NN
= U i
L
= i
M XX N N
= U
A A E XN XN N
= i
XXX Ny
= S
L
= e
A AEE R XN
= U i
AN XN
[ X XX x A E
XXX XN
= U
AN AR XXX NN
= e i i
L
= S
L
= i
A KR XXX R
= U
XXX NN
= S
L e e
= U
A A E XXX NN
e x X 2 x x xmx
XXX N
= U
XN XX XN
v ¥ ¥ > xx xxx X
A XXX RN
= U LA e e ;
g Hﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂv -.“.__“””xw .wx”xwxv.xv”xv.._.v. .v.._“”xv.v.
= G iy ol g i
X A
”nxxxx
iy
= U e
.nx.v”u.u..
-HH:.
x X i, ol gl iyl
. L e N A A

- e i
. P . PO I T I Lt e L T T R e T e I e e N e N N T & .




US 10,629,686 B2

Sheet 14 of 15

Apr. 21, 2020

U.S. Patent

.1 . H.-.l_-q_-q.-.u.._.“....“ N H....H.—H.r“ kﬂ#ﬂtﬁﬁ. e ._ﬂ._.ﬂ._qﬂ._ﬂ....
e e “- X T e
e N Pt
A w YT e
B e Pl
O e T Ta e
e e T T e T Pl
L e N T o e
o N Py
N R N N Al X
T e
T Ty
X T e
Ty
w T o e
T Ty
NN
Pl ol
T o e
T Ty
o i T Ta e
: o Ty
: T e
F o o
“...Hkn.rrﬂtkk”...nknf...” n:xu kH...H#H&H...
o A o [
e HkaH...H...H
Pl
T o e
Py
o i T Ta e
Pl
NN NN
e kH...H#H&H...
" w T o e
- Pl
* e T Ta e
- Pl
* T o e
= T Ty
" w T aw x o i T Ta e
* ’
P k *H...H&Hkn...
b, o i g dr
Pl
w YT e
Pl
e T Ta e
Pl
T o e
T Ty
PN, M o i T Ta e
B AT e Pl
B A g R R e
R N N HkaH...H#H
Sl e e -_I-__-_.q.q....q P
l-_I-.--_-__...r....q....r.r.r.rn.rtt...............k-_-_ » PN
o A T o e
» W N N 2 Iy
. e e
. W o e
Pl
. W, e
o A
. WL, o T T e
ol
. WA e T T e
xR
. A, o
ol
. ol A,
o A
. xn o A N
o
. A,
KN xS
. xa A A
e
. S, e
. Moo *H...H&Hkn...
. o i T Ta e
. _-_4.__.”......... ...H...H...H...H...
. NN X
- RN ALt x x o A N
ety P e T Ta e
o o A o &
”1...._“ -Hrr#n&r.qr...n.q”&”#n&”ft”k” H#H&H;H#H&H;H##&H&H...H&... .___ *H...H&Hkn...
atay R N a P alalal o i T Ta e
2Tt o T e T e e e e Pl
ST R N T e
et L A L i al al o e alalar Pl
St L Nt ot o o . N M X T e
ety L R A N A el Pl
ety R T A L A e o el oy a T o e
2T T L R N L a a  ara P
. + A N N N i a w a e T Ta e
el N I A o A Pl
+ P A T PR L T o e
et TY _-_.._kk#;#t&k&tki‘tﬂiﬂtk#&kk&tkrb > Py
r . o e www rw  a L wTa  e  a X
. t:kr##k#}.k;.%a*r##&##k#* [ el i
O L o ol P ol s ool sl alal'y Pl
. W e e e X, e e e X
. T e h.”"..-._,.._1.._._,.......1._...._...1._?-. w T o e
e e T e T T e T T e Pl
o e e o o WM e e e e PN
....4.4t#u...k...hk&h...&.tu-ir...k...| e Ta o e
e W e e e P e
e e P N AN M o
e e
X T e
Pl
w T o e
Pl
e T Ta e
Pl
T o e
e
o i T T
Pl
u T e
oy
T Ta e
Pl
w YT e
Pl
e T Ta e
Pl
o T Lo T

FIG. 9



US 10,629,686 B2

Sheet 15 of 15

Apr. 21, 2020

U.S. Patent

Option Z

- _ . ! i ' ; _. , . T ._ !
¥ } f \ F ' " “ b i . i . “ N i . . . ] ." "__
' ! ! i 1 I ' ' i b i : : : “ !
] ] 1 y b ' ' i b ' ' ' ! !
" 1 ! 1 " 1 1 i __. ' ' '
! ot e ]
1 1 1 i ] ' ' ' “ u
b i [ 1 ] b 1 1 h b . . . _n.. ! :
' ! ' ! 1 I ' ' i b : : : ! !
] ] 1 1 y b ' ' i b ' ' ' !
— ! . . i ' I-IIIIIlIIIII-IIIII_TIIIIlIIIIIrIIIIIIIIII.-IIIII-.IIII.-IIII IIIIIIIIIII;IIIII
IIIIIrIIIII IIII.+IIIII-.IIII._IIIIIIIIII.-IIIIIIIIIIIIIIIl._IIIIIIIIII_rIIIIlIIII- i : b ' ' ' ._ !
' ! ! ! i b ' ' i ! . . . * !
] L] ] ] 1 ] ' ' 1 b ' ' ' ! !
' ! ' ! 1 I ' ' i b : : : ! !
] ] 1 1 y b ' ' ! b ' ' . !
b s i " —— fimimimimims] b . ' * 4 ' . . : ;
r ¥ L] 1 1 i ] ' ' i t ! ! ! ._ !
' ! ! ! i b ' ' i ! . . . * !
] L] ] ] 1 ] ' ' 1 b ' ' ' ! '
" ‘ 1 1 d r 'l 'l T [ T T T ﬂ ._ ‘
Y T T ] ] . . * " . . . _ __
' 1 ' ! 1 I 1 1 1 i ' ' ! !
b i 1 1 b b 1 1 1 b . . _\T. ! !
' ! ! ! i b ' ' i ! . . \ * !
] | 1 1 ] .r 1 1 ) ] ' ' ' ; - )
—_ ] ] ' ) LJ 1 L] 1 1 “ \ : : “ !
b i 1 1 1 b 1 1 b ] . . .\L * !
' 1 ' ! 1 I 1 1 1 i ' ' g ! !
] ] 1 1 y b ' ' i b ' ' ' ! !
] ] 1 1 1 b ' ' H A ! v ! ! .
Bra=r=r=r=—r ' l r—r=—r L 1L r—r | r—r=—y ﬂ -—r=—re—r F - ‘ * - - - - ﬂ ‘ l-
r ] i 1 ] 1 ] 1 1 h ! . . “ !
] ] 1 1 y b ' ' i b ' 4 ' ! ! ]
" 1 ' ! 1 " 1 1 i .r" ' ' ' i ﬂ. .
! . . PR SO RSO EOPUU FPE -SSP (PRSP U AP AR USSR (UL, MR S
] L] ] ] 1 ] ' ' 1 b ' ' ' ! !
] ] 1 1 1 b ' ' i ' ' ' ' ! ! h
b i 1 1 1 b 1 1 b b . . . * ! :
' 1 ' ! 1 I 1 1 1 i L ! ! *
b i 1 1 T b T T ] F 7 ' ' “ “ o
H ! ! ! i b ' ' i ! . . . * !
b | ' ' i b ' ' h b \ . . . ._ ! )
b L] 1 1 1 b ' ' i ' ' ' ' ! ! !
" L 1 1 { 1" 1 1 .". ' ' ' i 11+1111_.m. Uy
1 e - e ——— - ) ———— - - ———— - e e e e o - = - — - g ———
s St Mttt bt Attt bt b Mt Sttt Dbt et it M N ! P i i i ! i
] ] 1 1 1 b 1 1 “ .\.1'\ ' ' ' “ u . ¥
b { [ 1 i ] 1 1 h . . . ’ ! . .
" ! . : Lacm omem e cmemcem mem e oprmem emem cmlm e e remmem e m P e e s I e e s
| & BL KL LL KL LL BL LL NI LI ] I.l..ll.l..ll.*..ll.l..ll.l..ll‘..ll.l..ll.l.Jl.l..ll.l..ll.l..ll.l..ll.l..ll.-..ll.l..ll.l..ll.l..ll.l..ll.l..ll.l..ll.l..ll.l.l L RL LL RL L KL ' p ' r '
' 1 ' ! “ I 1 1 T.l.-__- i ' ' ' “
] ] 1 1 y b ' ' .1...!. i b ' ' ' !
" 1 ! ! 1 " 1 1 ] " ' ' ' i
: . . i ! e e e e ===
mmmmataaaaa ||||.._|||||..||||.||||||||||.-||||._|||||||||||“||||||||||__.||||._.|||||.|||||.|||M‘\_.|||||u. ' : . : “
] ] 1 1 i ] I ' ' ! i ' ' ' *
' 1 ' ! 1 I 1 1 1 i ' ' ' !
" [ [ 1 b " : 1 ' i " . . . *
__ . ' . i . : PSR FUNUEU A AU S e
b T e T S LA O i e T T T . L +
b e e e e e e .r.r.r.r.r‘ a ; ] ._ s ; ; i - i ] i ._ ;
b i 1 1 1 b 1 1 b b . . . “ b
] ] ] 1 1 ] ' ' 1 A ' ' ' I !
L " L] 1 1 1 s " 1 1 t " " i . h -
Bimiciea famimims ' afims oy dmas r— ! . ; . .
] L] [] ] ] ] ..-._I_. ' ' “ b ' ' ' “ u .
] | 1 1 1 \ . . . ._ : . . . ._ ‘ y
] ] 1 1 y b ' ' i b ' ' ' ! .
' ‘ ! ! .— “ 1 1 L r L L L “ ‘ ‘ “ ¥
] | M N T __-luun b 3 3 .m T : : s ._ ‘ ;
] ] 1 1 1 " ' ' ! " ' ' ' * ‘s ]
! . " i ! i ! 1 1 1
_ L _ 1P T R . e -
b { I ' b b ! ' 1 1 1 b . . . L o
4 N - h —— - — i - r . * 4 . . : . u
- =-=- . ! . : - ; I h - - ] ._ 1_-
b 1 ] b 1 1 i ] 1 1 1 { .I‘
" . : " " ! ! i b 1 1 1 1 r
. ! [.[.[n(.nmn_fﬂutfuﬁ e it U I
L -ty : ] : : ! ' ; ; ' \.i “
] [ ] i 1 ] 1 1 i ! . . . . !
b i ' ' i _-d b ' ' i b i . . . M \.\ !
b 1 1 d ! i b 1 1 i A . . . .’ !
— ! . ; . l._ ' -IIIIlIIIII-IIIII_TIIIIlIIIIIrIIIIIIIIII.-IIIII-.IIII.-III II-IIIII|IIII;IIIII|IIIII
IIIIIrIIIII LR RN R RN B RN B ] III.-IIIIIIIIIIIIIII._ IIIIIIIIfIIIIlIIIII-I i : ' ' ' ' . !
" L] 1 1 i " 1 1 ] " 1 1 1 . i
1 ' ! 1 ! 1 ! 1 ' ' '
b i [} i i i n b
: . : i ! ! 1 1 1 &
" __ . : . ) “ fu.. " _. ! ._ ! H " I L 1T . l\.... “ —ad
alia ] L - d—a—a 1 —a —ada—a—a ¥ . ¥ ! . 2
B ¥ i 1 1 : . b . . “ H . L u
b i 1 1 i ] 1 1 h ] . ot "..\\\ !
] | 1 1 1 b H 1 1 i b ' ‘I_ ' !
] ] 1 1 P ] 1 1 ] i . ' —_ __
[ T T T |- L .I/ 1 1 b ] _ll...l ' ' . ' .
] | [ 1 i ] ! 1 1 b ] Ll ' . ' !
] L] 1 1 1 : I 1 1 b ] - ' -‘* ' !
" [ 1 1 i .. / ' 1 b - ..".- ' . ' ' i
H . . 1 ¢ ! i R I o T e T —— S [, N
_———— r|1|1|1|1|1 e |1|1|1|1|1|1|1|1|1|1.-.|1|1|1|1|_.|1|1|1|1|1|1|1|1|1|1|J|1|1|1|1|1.1|1|1|1|1+|1|1 |1|1|1|1|1-...-l_.I|-1I|1|1.m.__1|1|1|1|1|1-|1|1 ..._T .l..il..,..l. \.‘.- : : ! u|1
¥ | ' ' . ] N ' ' ._lumit. A ' ' ' ! !
] | 1 ] 1 ] b _. .mf. 1 - ‘._ ] i ] ' ' ' i :
] ] 1 i 1 1 b ] 1 Le® i ! i . . . ! !
, | ; .. | ._ : , _. . L el o e S S T S N
A VAN T e e e A Ty i EPTTT EPPI PP o T . . '
[T ! . : i 1 . o™ g Tl ! 1 1 ' i
] L] 1 1 1 ] .l-‘.- ." 1 M ! . . . ._
] ] ] 1 ] b l_..._._.. ' 1 ' . " ' ' '
b, { 1 1 _ b - i - __
g b i ...t_...l 1 3 1 + g™ " ' ' ' “ !
1 ' ! 1 - . 1 - 1 . . .
] [ 1 -” 1 i .I._I_I_.__-_ ] I ' .m ' l_“.. “ f ' ' ' i u
" | 1 1 1 e w " ! 1 3 . -1 1 h ..lfp_. . . . “ !
! . . - " ! - o} (Y R AT USRI ., - - e P S W) I S b s m o m
.l..l..l..l..l.“.l.l.l..l..l. P L L L LT T T A .l.l..l..l..l..l.l..l..l..l..-__.l..l..l..ll.I..I..I..I..U.l..l.ll.lnl..l..l”.__.l..l..l.l.l..l..l..l..l..l."...l.l.l..l.l .l..l.l.l..l.-.l..l. ....l.%! i : .l." ' ' ' ._ u.l.
{ 1 1 = . . : :
b i ' ' o “ b ' . ' “ ! -l . . i "__
" L] 1 e 1 " o 1 i " i lj . “ I
. ] - 1 ' _. ’ ' ]
] u L .l.l“ .m “ k .-...\J- T “ ¥ T ' ' ' “ T H
¥ | L - 1 b . ' ' i A ' . f- ' !
] | | ¥ 1 i ] 1 1 i b . i !
] ] i - 1 1 b - ' ' i A ' ' ?’ “ !
] | 1 .il 1 o ] .5“ 1 1 r ] S - r - ._ :
Fu-m-m-m- b - " |#|.| - r ———— 1 -mem ¥ ' ' ._ ' r r . ‘
b { [ o 1 1 b, ! 1 i ' i b . . . . .l..# !
- : " : " 1 . : ! i ! i b 1 1 1 i 1
— 4 - i " 1 1 t ! i ! { I ] ] ] L]
- ! -t . 1 ' ! .||||__.||||||||||__||||||||||.._|||||r||||..|||| Vﬂllllllll‘llll e - - - -
IIIII—IIIII IIIIhI-III-.IIIIlIIIIIIIIII.-_IIIIlIIIIIIIIIII._IIIIIII_‘I_rIIIIlIIIII-IIIIIlIIIIImI : b : : : ._. !
b ' 1 1 1 b ' ' * ' ' ' ' _ !
] i T [] ] 1 ] ' ' 1 b ' ' ' ! !
" _-n__... 1 1 1 . " 1 1 ] " L ' ' ' ! .._.._ ! !
__ . . ._ H . . . : w g A b L
’ 4 - S BRI B .r.r.r.rL.r.r.r.r.rT.r.r.r.r ..|.r.r..|....r..|.r.r..|..-..r..|..|L|..|._.rL|..|.r.r..|.r.r..|.r+..|.r.r..|..+...r..|.r.r.r e e e + +
i i i i e i e i e .r.r.-..r.r“.r.r.r.r.r.r".r.r.r.r.r.r.r.r.r.r.l.r.r.r.r.r".r.r.r.r.r..._r .“l : .". ; “ r " " " ._ “
b .Ih. L] 1 1 ] ] 1 1 i ! . . . “ ﬂ !
] ) i 1 1 ] - b 1 1 b b ' ' ' . ! _ .
. A ! : S S A |.|.|.|.|.L_.|.|.|.|.n.|.|.|.|.|.“..|.|.|.|.-.ln.l:.|.|.|.|.|.|.-.n.ln.l:_ln.ln.n;..|.|.|.|.-.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.1|.|.|.|.|._..|.|.|.|....|.|.|.|. L TRET B ——
S S . NP PP A ' o ! . : . : : : * : / __
b i [ i 1 1 ] ! 1 i 1 h A . . . * % !
k s i 1 i 1 i b ! 1 3 1 1 b I ' ' ' ! ! !
b . i 1 i 1 3 1 b ! 1 L 1 ] ! i . . . ] !
) o ! : ] ' i ! ' ' ' _ b i ' ' ' ] !
oo '] M . T - b 3 3 .m I ' ' ' “ — ! .ﬂ
B4 ] 1 1 y ] ' ' i b ' ' ' ! !
(X ] [ 1 1 1 ] ' ' 1 A ' ' ' ! !
s | 1 1 i b ' ' i ] 0 . . . * g
[ | | 1 1 H i ] b 1 ] 1 ] I ' ' ' - )
e N . L 1 - S| - .-.-.-.-.-.«- i - r - 4 r ) ! : L “. - !
- -. L] | 1 1. 1 ] 1 1 i v . . . ._ ] !
b i 1 1 i b ' 1 i ] . . . * ! .
’ __ ; ; M - . . ! : 1 1 1 . ; .
h | 1 1 : ; " . . ; " ; ' ' ' “ :
. I [] 1 1 .y ' ' i ' ! ! ! ! !
L) h | 1 ] 1 ] b H 1 .m 1 i b ' ' ' !
‘) ! . : " 1 ' : ! i ! ] b 1 1 1 1 “ 1 b
L] b ] 1 i 1 i y b ! 1 L] 1 i ! i . . . i ] ! ]
ul i 1 i 1 1 loooe. H b . . ) L L ' ' : _ i 1__1 .
1 ) I b T - 1 rmr—rmr—) L —r * I : ' * - ! ; ; ._ :
M ! ! 1 ! Y b 1 1 i A . . . _ !
’ | 1 ] o ] ' ' i b ' ' ' ! !
¥ b i [ 1 b ] . . * : i . . . i |
r ! ! ! i b ' R e A P T R T Y
' il ittty il el /il il il Sl it sl ! i 1 i §
el el e it Ml ey el * i 1 H 1 3 i 1 [ \ . \ !
v - 4 : : " i ! t ! i ! { b 1 1 ] 1 ‘o
. ! ! i ! i b L 1 1 1 i i . . . “ !
) ] [ [] ] 4 ] ' ' i b ' ' ' " L
y — ! . . i b .l..l..l..l..l.-.l..l..l..l..l. 1.l..l..l..l..l.-l..l..l..l..l.+.l..l..l..l..l .l..l..l..l..l.r.l..l..l..l..l.l..l..l..l..l.._-..l..l..l..l..l..-..l..l..l..l..-..l..l..l..l. ._.l..l..l..l..l..l.l..l..l. .l.‘ - - -
.l..l..l!l..l.r.l..l..l..l..l. -l e -y .l..l..l..l..l..l..l..l..l..l.._-..l..l..l..l..l.l..l..l..l..l..l..l..l..l..l...l.._.l..l..l..l..l.l..l..l..l..l...T.l..l..l..l..l . i : Y ' ' ' ! ! ﬁ
‘) 1 ' ! 1 I 1 1 1 i ' ' '
- ! b ' b 1 ] ¥
[ | 1 1 ] ) ' ' ' ! ! !
1 b L] 1 1 i b 1 1 i A ] ! ! ! | i F
4-. " 1 1 ! H b 3 3 3 |

Yo 1V

FProbe Fosition —

FI1G. 10



US 10,629,686 B2

1

CARBON-CONTROLLED OHMIC CONTACT
LAYER FOR BACKSIDE OHMIC CONTACT
ON A SILICON CARBIDE POWER
SEMICONDUCTOR DEVICE

TECHNICAL FIELD

This description relates to silicon carbide high power
semiconductor devices.

BACKGROUND

Silicon carbide (S1C) power devices, and, in particular,
s1licon carbide high power devices, provide advantages such
as high switching speed and low power losses. Examples of
highly-eflicient SiC power devices include (but are not
limited to) rectifiers, field-eflect transistors (FETs) and bipo-
lar Junction Transistors (BJTs). Multiple physical properties
are responsible for the various advantages of silicon carbide
high power devices, such as their high critical field for
avalanche breakdown.

As a result, for example, a high voltage of between 800V
and 4500V can be blocked within a very thin layer of, e.g.,
between approximately 4 um and 35 um. Mechanical sta-
bility considerations dictate a typical S1C substrate thickness
ol at least between approximately 300 to 500 um during at
least some processing contexts, although such thicknesses
may be higher than that required from the standpoint of
clectrical device function. That 1s, for example, electrical
and thermal resistance of excessively thick substrates tends
to 1mpact the performance of S1C high power devices.

To mitigate such 1mpacts, 1t 1s possible to perform thin-
ning of at least a portion of the S1C substrate. Such thinned-
down S1C substrates, as just referenced, may not be prefer-
able or feasible during topside semiconductor processes,
e.g., used to form active device structures. In particular, a
150-mm or larger S1C substrate that 1s thinner than approxi-
mately 280 um may be incompatible with front-end SiC
device processing in a waler fabrication setting. Instead,
waler thinning may be performed at the stage at which the
topside active structure 1s complete (or almost complete). As
a result, wafer process post thinning may be limited to
particular operations, such as Ohmic contact formation,
followed by deposition of a solder metal. Annealing of the
backside contact to achieve the desired Ohmic behavior and
low contact resistance may be done 1n such scenarios using
a source of pulsed energy, such as a pulsed laser with a pulse
duration of a few nanoseconds to a few hundred nanosec-
onds. The contact anneal may then be followed by deposi-
tion of a solder metal stack.

A specific feature of S1C 1s that Ohmic contact formation
typically requires a temperature of between approximately
850 C and 1050 C. This 1s particularly true for forming a
nickel silicide (N1Six) contact, which provides low resistiv-
ity and good process stability. Nickel silicide can be formed
on silicon carbide through reaction of SiC with metallic
nickel, 1n a manner that 1s similar to that for formation of
nickel silicide on silicon. On silicon carbide, this reaction 1s
accompanied by release of excessive carbon, part of which
carbon 1s captured at the S1C to Ni1Si1x interface, and part of
which diffuses 1nto the silicide to form carbon clusters in the
bulk of the silicide, as well as on the free surface of the
silicide. The carbon trapped at the S1C/NiSix interface 1s
reported to have a structure of multiple-layer graphene, and
advantageously forms an interface with a low barrier to S1C.
Thus, this low barrier of carbon to the SiC 1s considered to
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be responsible for, or related to, the desired Ohmic proper-
ties of the Ni1Six contact on S1C.

However, excessive carbon production, and distribution
thereol within the silicide, may result mn a number of
problems and dithculties. For example, such problems and
difficulties may include poor metal adhesion (and lack of
stability of resulting contact) for the contacts formed by
furnace or by rapid thermal processing (RTP) anneal.

SUMMARY

In the following disclosure, techniques suitable for reli-
able formation of pulse laser-annealed backside contact
layers for S1C power devices utilizing thinned S1C substrates
are disclosed. As described, suitability has been venfied,
¢.g., through studies of actual contact composition, as well
as through reliability tests of fully-processed, diced and
packaged S1C power devices.

The present disclosure describes devices capable of pro-
viding a near-theoretical combination of blocking voltage
with on-state resistance. The limit for on-state specific
resistance R, of a vertical non-injection power device is

S IIOF

set by the resistance of the drift region. For a non-punch-
through device this number 1s RSPGH:4BV2/(8$M$EC3),,
where BV 1s the breakdown voltage, E the absolute permit-
tivity of semiconductor, u the carrier mobility and Ec the
critical field for avalanche breakdown.
A high-power rectifier may thus be understood to include
a device having a specific resistance not exceeding 10x the
theoretical value of R ,. Devices with yet higher specific
resistance may be of highly-limited use for high power
conversion. The specific resistance R, should be under-
stood 1n its conventional definition, e.g., as the differential
resistance ol on-state rectifier or switch multiplied by the
active device area, 1.e. by the total area of device unit cells.
With respect to high power application, the rated current
in such scenarios may be limited to the domain above a
minimum current of between about 4 A and 10 A. Some
high-voltage rectifiers with lower current rating may be
implemented, but such small-area power devices are typi-
cally scaled down wversions of mainstream high power
devices. This disclosure further relates to devices that are
rated at a high blocking voltage of at least around 600V,
According to one general aspect, a semiconductor power
device may include a Silicon Carbide (S1C) layer having a
power device, such as an active power device, formed on a
first surface thereof. The semiconductor power device may
include an Ohmic contact layer formed on a second, oppos-
ing surface of the S1C layer. The Ohmic contact layer may
include Nickel Silicide (N1Six) with a first silicide region
containing a first precipitate of non-reacted carbon disposed
between the S1C layer and a second silicide region. The
second silicide region may be disposed between the first
silicide region and a third silicide region, and may include
a mixture of a first precipitate of refractory metal carbide and
a second precipitate of non-reacted carbon. The third silicide
region may contain a second precipitate of refractory metal
carbide. The semiconductor power device may include at
least one solder metal layer formed on the Ohmic contact
layer with the third silicide region disposed between the
second silicide region and the at least one solder metal layer.
In some 1mplementations, carbon in the third silicide region
1s included within the second precipitate of refractory metal
carbide over at least fifty percent of a contact area of the
third silicide region with the at least one solder metal layer.
The details of one or more implementations are set forth

in the accompanying drawings and the description below.
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Other features will be apparent from the description and
drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic cross-section of a S1C power
device.

FIG. 1B 1s a first schematic cross-section of a semi-
processed version of the S1C power device of FIG. 1A.

FIG. 1C 1s a second schematic cross-section of a semi-
processed version of the S1C power device of FIG. 1A.

FIG. 1D 1s a third schematic cross-section of a semi-
processed version of the S1C power device of FIG. 1A.

FIG. 1E 1s a fourth schematic cross-section of a semi-
processed version of the S1C power device of FIG. 1A.

FIG. 1F 1s a fifth schematic cross-section of a semi-
processed version of the S1C power device of FIG. 1A.

FIG. 1G 1s a sixth schematic cross-section of a semi-
processed version of the S1C power device of FIG. 1A.

FIG. 2 1s a graph illustrating a drift of forward drop after
thermo-mechanical cycling for a reference process as a
function of die number.

FIG. 3 1s a flowchart 1llustrating a first example embodi-
ment for forming the semiconductor power device(s) of
FIGS. 1A-1G.

FIG. 4 1s a flowchart illustrating a second example
embodiment for forming the semiconductor power device(s)
of FIGS. 1A-1G.

FIG. 5 1s a flowchart 1llustrating a third example embodi-
ment for forming the semiconductor power device(s) of
FIGS. 1A-1G.

FIG. 6 shows a trend line for dependence of mean BV on
mean VF for 4 walers investigated.

FIG. 7A shows a schematic cross-section of a laser-
annealed NiSix contact formed according to a reference
pProcess.

FIG. 7B shows an electron micrograph of a laser-annealed
Ni1S1x contact formed according to the reference process of
FIG. 7A.

FIG. 7C shows a composition of a laser-annealed N1Six
contact formed according to the reference process of FIG.
TA.

FIG. 8A shows an electron micrograph of a laser-annealed
Ni1S1x contact formed using carbon gettering according to an
example embodiment.

FIG. 8B shows a composition of a laser-annealed Ni1Six
contact formed using carbon gettering according to the
example embodiment of FIG. 8A.

FIG. 8C shows element-contrast Scanning Transmission
Electron microscopy images of Nickel Silicide contact for
nickel, carbon, vanadium, silicon, and Titanium for the
example embodiment of FIGS. 8A and 8B.

FIG. 9 shows an electron micrograph of a Ni1Six contact
according to an example embodiment.

FIG. 10 shows a high resolution scan of Ohmic contact
composition of the embodiment of FIG. 9.

DETAILED DESCRIPTION

FIG. 1A 1s S1C power device structure. In FIG. 1A, a SiC
substrate layer 1015 1s illustrated as having an active device
102 formed on a first surface thereof. As referenced above,
and described and illustrated with respect to FIG. 1B, below,
the S1C layer 1015 may represent a thinned layer of an
original, thicker S1C substrate layer 101a.

By way of terminology, the first surface of the S1C layer
1015 on which the active device 102 1s formed may also be
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referred to as a frontside or topside surface. Meanwhile, an
Ohmic contact layer 175 1s formed on a second, opposing
surface of the S1C layer 1015, which may thus be referred to
as a backside or bottom surface.

As described 1n detail below, the backside Ohmic contact
layer 175 may represent a silicide, such as Nickel Silicide,
or Nickel-Vanadium Silicide, formed on the S1C layer 1015.
As described herein, formation of such a silicide using
silicon from the S1C layer 1015 will also typically be
accompanied by release and potential diffusion of carbon
that 1s present 1n the SiC layer 1015.

In FIG. 1A, the backside Ohmic contact layer 175 1s
constructed with a first silicide region 176a 1n which carbon
precipitates 176 released from the S1C layer 1015 are located
near the interface of the SiC and the silicide of the Ohmic
contact layer 175 (1.e., near the backside surtace of the Si1C
layer 1015). As described herein, the carbon precipitates 176
of the first silicide region may take the form of graphene
and/or of graphite, and advantageously serve to lower a
contact resistance at the interface between the SiC layer
1015 and the silicide of the backside Ohmic contact layer
175. In various implementations, the first silicide region
176a contains little or no refractory metal carbide precipi-
tates.

Further, a second silicide region 177a includes a mixture
177 of metal carbide precipitates and additional precipitates
of non-reacted carbon. The metal carbide precipitates of the
mixture 177 may be formed through the combination of a
refractory metal, such as Titanium, with carbon that has
diffused from the S1C layer 1015 and through the first
silicide region 176a. In this context, non-reacted carbon
refers to carbon that has not reacted with the refractory metal
during silicidation, and may also be referred to as free
carbon.

Further with respect to the backside Ohmic contact layer
175, a third silicide region 178a 1s illustrated as being
adjacent to, and 1n electrical contact with, one or more solder
metal layer(s) 181. As 1llustrated, the third silicide region
178a generally should not include precipitates of non-
reacted carbon. In particular, the third silicide region 178a
may contain excessive carbon; however, any such excessive
carbon should be fully bound, or nearly fully bound, into
refractory metal carbide precipitates 178 on a predominant
portion of the contact area. For example, the refractory metal
carbide precipitates 178 may occur over at least fifty percent
of the contact area. In other implementations, the percentage
may be greater than 75%, 90%, or 95%. Similarly, 1n various
example implementations, a percentage of the contact area
having free carbon (e.g., precipitates of non-reacted carbon)
may be less than 50%, 20%, 10%, or 5%.

As a result, the third silicide region 178a provides a
surface with excellent adhesion properties with respect to
the solder metal layer(s) 181. As described 1n detail below,
the solderable metal layer(s) are thus capable of withstand-
ing high degrees of thermal and mechanical stress, while
maintaining physical and electrical contact with the backside
Ohmic contact layer 175.

By way of terminology, the term precipitate should be
understood to reference, and include, any cluster, dispersion,
crystallite, or non-continuous distribution of the relevant
material(s). For example, the metal carbide precipitates of
the mixture 177 and the metal carbide precipitates 178 may
represent a non-continuous distribution of Titanium carbide
(T1C) formed from (at least partially) melted Titanium that
has reacted with carbon diffusing from the Si1C layer 1015
and through the first silicide region 1764 and nto the second
silicide region 177a and the third silicide region n178a. As
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a result, silicon from the Si1C layer 1015 1s generally free or
able to move through the second silicide region 177a and
into the third silicide region 178a, to obtain a full and
high-quality silicidation of the backside Ohmic contact layer
175.

FIG. 1A 1s included for the purposes of illustrating and
describing the general structure and some of the associated
teatures of the S1C semiconductor power devices described
and claimed herein. It should be understood that FIG. 1A 1s
not intended or represented to be drawn to scale for any
particular device or type of device, or portions thereof.
Specific examples of relevant sizes, thicknesses, and other
physical parameters of the elements of FIG. 1A are provided
below, or would be apparent to one of skill 1n the art.

Thus, the general structure of FIG. 1A, along with various
techniques for making such a structure and related struc-
tures, some of which are described herein, may be used, for
example, for any relevant power S1C device. In the present
description, including with respect to the following FIGS.
1B-11, specific examples are provided in the context of
Silicon carbide Schottky-diode rectifiers.

Thus, i FIGS. 1B-11, such rectifiers may be understood
to provide an example of the active device 102 of FIG. 1A,
tformed on a topside of S1C substrate 101a prior to a thinning
thereot to obtain S1C substrate layer 1015. In specific testing,
examples, resulting diode waters were mechanically thinned
down to a total S1C crystal thickness of either 200 um or 100
um. Ohmic contact preparation at the water backside was
executed using deposition of a N1i—V layer with a layer of
T1 on top. The resulting backside contact was annealed using
a pulsed green laser with a wavelength of 532 nm, after
which an additional N1V layer was deposited and laser-
annealed, resulting 1n the Ohmic contact layer 175 with the
described silicide regions 176a-178a.

A solder metal, representing an example of the solder
metal layer(s) 181, containing a stack of Ti/N1/Ag was then
deposited on top of the Ohmic contact metal. Investigation
of the nickel silicide composition has shown the formation
of the refractory metal carbides 177, as well as absence of
carbon precipitates in the vicinity of the interface of Ni1Six
to the solder metal (i.e., 1n the third silicide region 178a).

In contrast, laser-sintering pure N1 or of nickel-vanadium
has shown substandard adhesion of solder metal to nickel
silicide. For example, failure occurred due to peeling of the
solder metal as a result of excessive carbon content near the
interface of N1Six to the solder metal. Thus, a comparison of
the processes and structures described herein to reference
processes/structures have been demonstrated to show very
clear advantages from the viewpoint of reliability of result-
ing S1C power devices.

In FIG. 1A, optimum or preferred device thickness from
an electrical standpoint 1s between approximately 8 um and
50 um, or, 1 example implementations, no more than about
280 um, which 1s much smaller that of a S1C substrate that
can be processed to form the active device structure 102.
Typical semiconductor fabrication processes require at least
300 to 350 um thick waters. Additional S1C matenal thick-
ness increases the diode on-state resistance, as well as 1ts
thermal resistance.

As referenced above, FIG. 1B 15 a schematic cross-section
of a semi-processed device according to one embodiment. A
thinning process may be applied to the S1C substrate layer
101a to remove undesired SiC thickness and obtain S1C
layer 1015, as shown 1n FIG. 1C. The thinning process may
be mechanical grinding, using a dedicated water thinming,
tool. Mechamical grinding should preferably be completed
with polishing to decrease subsurface damage and to obtain
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a smooth surface of the water backside. Mechanical grinding
1s typically limited by a critical thickness of around 100 um,
below which thickness certain issues can be expected with
waler breakage, at least at today’s level of processing.

Mechanical thinning may also be followed by etch. A
combination of mechanical grinding with dry etch can
achieve much smaller water thickness than that available
with mechanical grinding alone.

In some examples, the watfer 1s mechanically thinned to a
thickness between approximately 50 um and 100 pm.
Mechanical thinning may result 1n a certain amount of
subsurface damage, which may be still present at the water
backside, even 1f the water backside 1s polished at the final
stages of the thinning process. The subsurface damage may
cause a high risk of water breakage, for example, during the
stage of substrate removal from the carrier.

Dry plasma etch may thus be applied so as to minimize
such subsurface damage by removing at least 5 um to 15 um
ol material from the SiC backside. Removal of at least the
first 5 um 1s preferably done at a moderate level of power 1n
the etching tool, so as to avoid thermal stress at the water
during the plasma etch, which thermal stress might increase
the probability for development of cracks in the water.
Removal of subsurface damage may facilitate thinning of
the S1C power device substrate to a thickness substantially
below 100 um, without development of cracks i1n the water.

As may be appreciated from the above discussion of FIG.
1A, fabrication of an active device 102, e.g., a power
Schottky rectifier wafer, may be finalized by forming a
backside Ohmic contact layer 175, and by deposition of the
solder metal 181 required for die attach. Accordingly, a
cleaned watfer may be placed 1n a metal deposition tool, 1n
which one or more metal layers are deposited.

For example, as shown 1 FIG. 1D, a Nickel layer 160
may be deposited in a production magnetron sputtering tool,
for which ferromagnetic properties of pure nickel might
become an 1ssue. It 1s typically more convenient depositing
nickel with a small percentage of vanadium being added.

Other metal layers can potentially be deposited 1in the
same run. The waler with deposited nickel-containing layer
1s transierred to the laser anneal tool, 1n which the layer 1s
exposed by short pulses 170 with a pulse length of around
100 ns. Typical exposure energy may be, e.g., about 2 J/cm”
for a green (532 nm) laser having a pulse duration of 150 ns
and a pulse energy close to 2 J/cm?®.

The steps of Ohmic metal deposition and laser anneal may
be reiterated one or more times, and the second (or higher)
laser anneal 170 may be done with a different laser pulse
energy. For example, a Titanium layer 161 (or other refrac-
tory metal, as described herein) may be deposited and
annealed.

After completing the Ohmic contact process, a solder
metal stack may be deposited. The solder metal stack may
for example be Ti1/N1/Ag, however other types of solder
stacks may be used. Schematic cross-section of finalized
device structure 1s shown 1n FIG. 1C.

In one aspect, the time of laser-assisted Ni1Six formation
can be as small as between a few nanosecond and 100-200
ns, which time 1s 9 orders of magnitude shorter than a typical
duration of an RTP silicidation process. It may also be the
case that an exact temperature of sintering 1s not measured
by direct readings, because direct reading of temperature 1s
difficult at the nanosecond time scale. As a result, a value of
peak temperature for laser anneal will generally remain
unknown for a typical manufacturing process.

Peak annealing temperature may be estimated through
combinations of certain measurements, such as surface
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reflectivity with computer simulation. Peak nickel silicida-
tion temperature on silicon waters may occur at about 1400
C, 1.e., close to the melting point of silicon, and a tempera-
ture that 1s much higher than that for RTP silicidation of Ni
on silicon (e.g., between 400 C and 800 C).

For silicon carbide, RTP silicidation of Nickel occurs at
the temperatures that are higher than those for N1 on silicon.
In general, peak temperatures for the processes disclosed
herein may be at least 1400 C, and may exceed 1600 C,
which 1s about the melting point of T1 (so that Titanium may
be partially or completely liquefied when processed as
described herein). In addition, laser-assisted processes,
including chemical reactions and phase transformation, may
be further enhanced by laser light stimulation.

In another aspect, the power device according to this
description may be a three-terminal silicon carbide power
device utilizing a thinned Si1C substrate. A three-terminal

[

device may for example be a silicon carbide field-eflect
transistor, for example, a S1C MOSFET, or a S1C JFET.
Alternately a three-terminal device may be a bipolar, such as
a BIT or an IGBT, or a thyristor formed 1n S1C. Design and
process of the backside contact for said three-terminal SiC
power devices may be identical to those for a rectifier. It
must be clear for those skilled in the art that the frontside
bonding wires to a three-terminal device must be more than
one, and said bonding wires may be typically more than two,
s0 as to accommodate high on-state current of said power
device without excessive parasitic resistance, as well as to
mimmize parasitic lead inductance.

In another aspect, a silicon carbide power device chip
manufactured according to this description may be mounted
as a component of a power module. A power module 1s often
assembled on direct copper-bond (DCB) substrate, in which
the copper layers are bonded to an insulating ceramic
substrate. A DCB substrate 1s populated with desired semi-
conductor chips, which may be attached to its top metal
layer by soldering or using a diffusion solder technique, or
by another method. The set of semiconductor chips mounted
in a module may for example, be entirely composed of
thinned silicon carbide power devices manufactured accord-
ing to this disclosure.

Alternately, silicon carbide power devices may be com-
bined with silicon power devices, as well as with other
clements intended to be part of a power module. Topside
power device terminals are wire-bonded or connected by
some other techmique. The power module 1s then potted
using a silicone rubber or using EMC to 1solate the power
devices from environmental eflects. The power module may
be further used as a subcircuit of a power conversion device.

Improved integrity of the backside contact for thinned SiC
power devices according to this description will have posi-
tive eflect on device reliability. In some implementations a
low-cost power module utilizing S1C power devices accord-
ing to this imnvention may be assembled 1n an EMC-mould
module containing no ceramic substrate. Semiconductor
devices 1n such low-cost power device module are attached
to a leadirame, and electrical insulation of desired parts of
the module 1s provided by the EMC.

In one aspect, S1C power device suitability of the SiC
power device 1s verifled through a set of qualification tests
as set by JEDEC (Joint E Device Engineering Coun-

Electron
cil) and/or by AEC (Automotive Engineering Council). The
referenced set includes multiple tests, of which the test most
relevant to the backside contact integrity 1s thermo-mechani-
cal cycling (TMCL), as referenced above. The TMCL test

content may depend on the package type.
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In the remaining description, a process of reference (re-
terred to as “POW”) provides a comparison(s) for the
various disclosed embodiments, such as those described
above, as well as the more specific example processing
options of FIGS. 3A-5, below. More specifically, the pro-
cess-of-reference (POR) Ohmic contact process includes a
single cycle of N1i—V deposition and a laser anneal for
silicidation. Specific example results of the POR process are

described and illustrated below, e.g., with respect to FIGS.
TA-TC.

In general, the POR process was found to result in failed
TMCL tests for through-the-hole packages, unless the depo-
sition ol solder metal was preceded by prolonged pre-
sputtering. Prolonged pre-sputtering of the annealed NiSix
surface prior to solder metal deposition resulted in no

failures for through-the-hole packages. However, the same
die mounted 1n SMT packages failed the TMCL test. Sub-
stitution of pure Ni for N1—V 1n the Ohmic contact layer did
not result 1n statistically significant improvement.

FIG. 2 shows the distribution of the values of the diode
torward drop at rated current (VF) after preconditioning plus
100 cycles of TMCL. The values of VF prior to testing are
also shown for comparison. All the values of VF are plotted
as a function of the sample number. In FIG. 2, four different
plots correspond to five different types of the EMC
employed 1n packaging. A pronounced change in VF 1ndi-
cates a start of die delamination from the heat sink, which
was verified by failure analysis. The amount of failures was
strongly dependent on the type of the EMC applied; how-
ever, no batch of 77 parts could successtully pass the
1000-cycle TMCL test as preceded by preconditioning,
irrespective ol which type of EMC was employed.

Failure analysis was performed to 1dentify exact location
of delamination, and the failure analysis indicated that die
delamination occurs exactly along the interface of the Ni1Six
contact to the solder metal, which was established through
X-ray emission analysis of the residues on the SiC chip after
delamination. Thus, the failure analysis substantiates the
discussion above with respect to FIG. 1A, e.g., that presence
ol free carbon near the NiSix/solder metal interface results
in a rough surface and poor adhesion properties.

FIG. 3A 1s a tlowchart illustrating a first option for a
semiconductor fabrication process 1n accordance with the
present description. In FIG. 3A, formation of a topside
power device structure (302) 1s followed by watfer thinming
(304), as described above. Deposition of nickel (or mickel
alloy, such as Ni1V) (306) 1s followed by deposition of a
carbon gettering material, such as a refractory metal, e.g.,
Titanium (308).

A first laser anneal 1s then performed (310), followed by
deposition of a second layer of Nickel (312). A second laser
anneal (314) 1s followed by deposition of one or more solder
metal(s) (316). Die singulation may then be performed
(318), followed by suitable packaging of the device formed
(320).

By way of more specific example of option 1 of FIG. 3A,
an Ohmic contact may be formed by depositing a 50-nm
layer of titanium 1n between the two layers of the nickel to
be laser-annealed. A 70-nm layer of Ni—V and a 50-nm
layer of T1 may be deposited onto the backside of a Si1C
power rectifier waler mechanically thinned down to 100 um.
Laser annealing of the contact may be performed using a
green (532 nm) pulsed laser with a pulse length of around
140 ns, with a pulse having an energy of 2 J/cm”.

After the first annealing, an additional 70 nm of N1—V
may be deposited, after which the second laser anneal may
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be executed. A solder metal stack of Ti/N1/Ag may then be
applied to the backside of the water.

Device walers using design and process according to
Option 1 were diced, and packaged 1n D2PACK packages,
and subject to preconditioning and to the thermomechanical
cycling (TMCL) of 1000 temperature cycles from =55 C and
150 C. The test conditions and the tested lot size (77 devices)
were 1dentical to those applied to the devices processed and
tested according to the process of reference (POR). No
occasions of forward voltage drift or other device failures
were observed, which 1s a dramatic difference from the test
results according to results of the process of reference
(already described with respect to FIG. 2).

FIG. 4 1s a flowchart illustrating a second option for a
semiconductor fabrication process 1n accordance with the
present description, referred to herein as Option 2. In Option
2, topside power device formation (402), waler thinning

(404), and nickel deposition (406) are followed directly by

a first laser anneal (408).

Then, the deposition of a carbon gettering material, such
as Titanium, may proceed (410), followed by a second
deposition of Nickel (412) and a second laser anneal (414).
Afterwards, the process of FIG. 4 may proceed similarly to
that of FIG. 3A, with a deposition of a solder metal stack
(416), die singulation (418), and packaging (420).

By way of more specific example with respect to Option
2 of FIG. 4, an Ohmic contact may be formed by depositing
a 50-nm layer of titanium 1n between the two layers of the
nickel to be laser-annealed. A 70-nm layer of N1—V may be
deposited onto the backside of a S1C power rectifier watfer
mechanically thinned down to 100 um. Laser annealing of
the contact may be performed using a green (532 nm) pulsed
laser with a pulse length of around 140 ns, the pulse having
an energy of 2 J/cm®.

After laser annealing, an additional 50 nm thick T1 layer
and a 70 nm of N1—V may be sequentially deposited, after
which the laser anneal may be repeated. A solder metal stack
may be implemented as Ti/Ni/Ag, which may then be
applied to the backside of the walter.

Device watlers using design and process according to
Option 2 were diced, and packaged 1n D2PACK packages,
and subject to preconditioning and to the thermomechanical
cycling (TMCL) of 1000 temperature cycles from -55 C and
150 C. The test conditions and the tested lot size (77 devices)
were 1dentical to those applied to the devices processed and
tested according to the process of reference and to the
devices using process Option 1. No occasions of forward
voltage drift or other device failures were observed.

FIG. 5 1s a flowchart illustrating a third option for a
semiconductor fabrication process in accordance with the
present description, referred to herein as Option 3. As shown
and described, Option 3 of FIG. 5 requires only a single laser
anneal. Specifically, topside power device structure forma-
tion (502) 1s followed by water thinning (504), and then
nickel deposition (506) and deposition of an appropriate
carbon gettering material (508). Then, a single laser anneal
1s performed (510). Solder metal stack deposition (512), die
singulation (514) and packaging (516) may then proceed.

In a specific implementation of Option 3 of FIG. 5, an
Ohmic contact may be formed using a single cycle of metal
deposition and laser anneal, 1n which a 70-nm layer of
N1—V and a 50-nm layer of 11 are sequentially deposited
onto the backside of a S1C power rectifier waler that was
mechanically thinned down to 100 um. Laser annealing of
the contact may be performed using a green (532 nm) pulsed
laser with a pulse length of around 140 ns, with a pulse
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having an energy of 2 J/cm”. A solder metal stack of
T1/N1/Ag may then be applied to the backside of the water.

Device walers using design and process according to
Option 3 were diced, and packaged 1n D2PACK packages,
and subject to preconditioning and to the thermomechanical
cycling (TMCL) of 1000 temperature cycles from —-55 C and
150 C. The test conditions and the tested lot size (77 devices)
were 1dentical to those applied to the devices processed and
tested according to the process of reference and to the
devices using process Option 1 or Option 2. No occasions of
forward voltage dritt or other device failures were observed.

Thus, a nickel silicide contact formed using laser anneal
with carbon gettering, such as described above with respect
to FIGS. 3A-5, may form an interface to the solder metal
with sufliciently strong adhesion to prevent delamination
along the solder metal. Two types of test may be applied to
verily such solder metal adhesion, e.g., the die shear test and
adhesion tape test.

In a further aspect, the S1C power device utilizing a
laser-annealed backside nickel silicide formed with a carbon
gettering layer (as 1n FIGS. 3-5) has a low contact resistance,
which does not significantly contribute to the on-state volt-
age drop. An example specific contact resistance required to
achieve this goal is preferably below 0.1 mOhm*cm?.

Thus, one requirement to backside contacts for many
types of S1C devices 1s low specific contact resistance. For
example, S1C rectifiers with 650V blocking voltage rating
may have a specific on-state resistance below 1 mOhm*cm?
as of today. A specific contact resistance of 0.1 mOhm*cm?
will introduce more than 10% of additional resistance,
which 1s undesired. Yet lower values of specific on-state
resistance are expected for future S1C devices, which
requires contacts with specific resistance of substantially
below 0.1 mOhm*cm”.

Table 1 shows results for wafer tests of 4 power rectifier
walers. All die had a nominal on-state current of 10 Amp and
a nominal blocking voltage of 650V. Actual blocking voltage
was a higher value i order to provide required safety
margin. Walers W1 and W2 were manufactured using the
reference process (POR). Waler W3 was done with the new
process Option 2 of FIG. 4, and W4 was done with new
process Option 1 of FIG. 3A. The rectifiers have a high
current density of over 630 A/cm®, which is why their
forward drop must be affected by additional contact resis-
tance 1f such resistance 1s substantially high. The values of
mean forward drop and mean VF are provided in Table 1,
and the trend 1s plotted 1n FIG. 6.

TABLE 1

Mean VF Mean BV
wafer (V) (V)
W1 1.349 766
W2 1.394 819
W3 1.357 780
W4 1.368 784

In FIG. 6, the trend line for dependence of mean BV on
mean VF for 4 walers shows that the dependence of all 4
walers tested approximately fall onto the same tradeoil
dependence between mean breakdown voltage on mean
torward drop. Therefore, the process modification does not
have significant effect 1n total voltage drop of the power
rectifier. A contact resistance of 0.1 mOhm cm” for any
process option would shift the forward bias at the rated
current density of 630A/cm* by 63 mV, which shift from the
trend line are clearly not present in FIG. 6. A shift of 63 mV
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will exceed an entire span of the voltage axis of the plot
shown 1 FIG. 6, which 1s clearly not the case. The contact
resistance for different process options is therefore substan-
tially below 0.1 mOhmcm®. The test data for rectifier
devices formed using Option 3 of FIG. 5 (that 1s, a single
cycle of metal deposition and laser anneal) also indicate a
low forward voltage drop, i1dentical to Option 1, for which
the contribution of the Ohmic contact does not aflect the
torward drop of a rectifier at a current density of around 630
A/cm”.

As referenced above, FIGS. 7TA-7C 1llustrate the results of
a scanning transmission electron microscopy (STEM) analy-
s1s performed to analyze the contact cross-sections 702a-
710a of a S1C power device formed using one of the POR
processes. Specifically, FIGS. 7TA-7C illustrate a schematic
cross-section (FI1G. 7A), electron micrograph (FIG. 7B), and
composition of laser-annealed Ni1Six contact (FIG. 7C).

As shown 1n FIG. 7A, layer 702a 1s a S1C layer, Ohmic
contact layer 704a 1s a NiSix layer with dispersed carbon
throughout, and layers 706a, 708a, 710a represent a solder
metal stack of Ti/N1V/Ag, respectively. Corresponding ref-
erence numerals 7026-7105 refer to the corresponding
STEM image.

As may be seen 1 FIG. 7B, considerable amounts of
carbon precipitates are present in the bulk of the NiSix
Ohmic contact metal 7045. The carbon clusters or precipi-
tates are present near the S1C-to-Ni1S1x interface, in the bulk
of NiSix and at the top surface of NiSix, 1.e. near the
interface to the solder metal.

A high peak of carbon content 1s also visible on the
clemental profiles of layer composition near the Ni1Six-to-
solder metal interface, as shown 1n FIG. 7C. As described,
this peak 1s particularly undesirable, because 1t 1mplies
roughness of that interface and associated lack of adhesion.
POR samples having pure N1 as a source of N1Six formation
(instead of Ni1V) showed similar near-interface peaks of
carbon and similar problems with reliability. The NiSix
composition 1n this case 1s 1 a proportion of about 62/38,
which corresponds to a composition of Ni1Si1x of approxi-
mately N1,51,.

In contrast, FIG. 8A 1s a STEM 1mage that corresponds
generally to the structure of FIG. 1A. FIG. 8A corresponds
to a structure formed using Option 1 of FIG. 3A, 1n which
the carbon gettering layer of 11 1s provided before the first
laser anneal. FIG. 8B provides line scans of elemental
composition 1n a vertical direction.

FIG. 8A illustrates the silicide of the Ohmic contact layer
875, corresponding to layer 175 of FIG. 1A. Further, carbon
precipitates are illustrated as being present 1n a region 876a,
near the mterface of N1Six to S1C, and corresponding to the
first silicide region 176a of FIG. 1.

A mixture of large carbon precipitates (or clusters) and
non-reacted carbon 1s formed 1n the region 877a, which 1s
above the region 8764 and corresponds to the second silicide
region 177a of FIG. 1A. More particularly, i this region
877a, free or non-reacted carbon may be found, but such
carbon within the bulk silicide of the second silicide region
877a 1s generally not detrimental to the contact and surface
properties ol the interface between the layer 875 and the
solder metal stack 881a/b.

In contrast STEM 1mages (in which heavier elements
show brighter contrast), such as FIG. 8C (in which a
corresponding element symbol 1s included 1n the upper right
corner of each 1mage), 1t may be observed that a bright
contrast of carbon fully correlates with the contrast of Ti1. In
such 1mages, a bright contrast of carbon and of titanium 1s
correlated 1n region 877a with dark contrast of nickel and
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s1licon, which indicates the agglomerations of T1 and N1 are
precipitates. The bright contrast of T1 also correlates with the
bright contrast of vanadium, though V 1s 1n lower concen-
tration than Ti. The carbon agglomerations in region 877a
are therefore precipitates of carbides of titanium, and, par-
tially, of vanadium.

A continuous layer o1 'T1 1s no longer present 1n the region
877a. This 1s consistent with partial or complete melting of
the 11 as described above, and/or related to diffusion of Ti
combined with solid-state reaction.

Formation of TiC occurs also in region 878a, correspond-
ing to the third silicide region 178a of FIG. 1, which 1s
predominantly formed during the second laser anneal of
FIG. 3A. However, the mean TiC particle size 1n this region
1s smaller than that for region 874a. As may be observed
from the type of contrast STEM 1mages referenced above, a
contrast pattern of vanadium closely follows that of carbon
and of titamium throughout the regions 877a and 878a,
indicating that formation of vanadium carbide occurs in the
same locations as formation of titanium carbide. However,
such formation of vanadium carbide 1s insuilicient to address
and correct the stability and adhesion concerns addressed
herein through the use of the additional carbon gettering
refractory metal, such as Titanium. Put another way, inclu-
s1on of a first refractory metal, such as Vanadium, with the
Nickel of the NiSix layer (e.g., for purposes of facilitating
silicidation processing, as referenced herein), 1s not suili-
cient to form the silicide structure described herein, includ-
ing the first, second, and third silicide regions, nor to address
the stability and adhesion concerns described herein. How-
ever, as also described herein, inclusion of the second
refractory metal, such as Titanium, in the manners described
herein, 1s suflicient to create the described distributions of
reacted and non-reacted carbon through the NiSix layer
175/875.

A TiC-rich layer 880 1s also present near interface of the
Ohmic contact layer 875 and the SiC substrate 8015. This
near-interface TiC layer may potentially and/or partially
block formation of the carbon precipitate layer 876a, as 1s
visible for the right-hand part of the cross-section shown in
FIG. 8A. Such blocking of formation of the interfacial
carbon-precipitate layer 8764 1s undesirable, because 1t may
increase the contact resistivity, as described above with
respect to FIG. 1A.

The use of too thick a gettering T1 layer (e.g., layer 161
in FIG. 1) may undesirably deteriorate the contact resistance
due to early formation of the TiC layer 880. To mitigate or
avoid this outcome, the thickness of the gettering layer 160
may be kept less than or equal to the thickness of the nickel
layer 160.

Further, the same deterioration of contact properties may
happen 11 the N1 layer 160 i1s too thin, resulting 1n exces-
sively fast migration of T1 towards the S1C substrate during
anneal. The thickness of N1 (or Ni—V) may be maintained
in excess ol approximately 20 nm to avoid the increase of
the Ohmic contact resistance.

Thus, carbon concentration 1n region 876a 1s designed to
be independent of the Ti1 that was included in the carbon
gettering layer of T1 onginally placed on the first Nickel
layer of FIG. 3A. In other words, the interfacial carbon layer
876a that 1s at least partially responsible for contact resis-
tance of the Ohmic contact layer 875 may be formed
substantially as i the gettering layer 161 was not present,
while still obtaining all of the advantages of the gettering,
layer 161.

Finally with respect to FIGS. 8A and 8B, it may be
observed that NiSix composition resulting from process
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Option 1 of FIG. 3A corresponds to Ni1;S1. Composition of
Ni1Six of the POR reference process 1s N1,S1,. N1S1x com-
position 1s discussed in greater detail, below.

FIG. 9 shows a STEM 1mage of a cross-section of a N1Six
Ohmic contact layer 975 formed using Option 2 of FIG. 4.
Marked 1n the STEM 1mage are the locations of precipitates
of free carbon (*C”), as well as the NiSix composition

measured (Ni1;51,). This composition may be compared to
the POR (N1,S1,), and 1s different from Process Option 1

(N1,51).

Free carbon 1s present 1n the layer in lower part of the
NiSix layer in a region 976a. However, 1n higher regions
977a, 978a of the NiSix layer, element-resolved STEM
images show bright contrasts correlating to elemental
images of carbon, titanium and vanadium, indicating get-
tering of carbon into titanium carbide, and, partially, into
vanadium carbide.

High-resolution scans were taken near the interface of
NiSix to the solder metal 981, and an example of such a scan
1s shown 1n FIG. 10. The x-coordinate of the scan 1n FIG. 10
increases 1n the direction from the Ohmic metal contact
layer 875 to the solder metal 881. The ratio of nickel to
silicon 1n the Ohmic metal 1s approximately 3:2, which 1s
close to the Ni/S1 ratio due to the POR process. The solder
metal portion examined in this analysis corresponds to Ti,
which 1s the first layer of the Ti/N1/Ag solder metal stack.
The scan shows increased carbon content near the interface,
where this carbon 1s bound into carbides, which binding 1s
clear from FIG. 10. The carbon content stays below the
content of Ti1. In addition, an accumulation of vanadium 1s
also observed at the same position as 1s the peak of carbon
concentration.

One conclusion from structural mnvestigation of the N1Six
Ohmic contact layer 175, 875, 975 1s that neither a short
annealing time of, e.g., 140 ns nor a high temperature of
around or above the melting point of 11 present an obstacle
for eflicient gettering ol excessive carbon in the course of
laser annealing. Another conclusion 1s that addition of other
metals having high aflinity to carbon can be used for
gettering excessive carbon in the NiSix laser-annealed con-
tacts to S1C. Vanadium represents one example of such a
metal, as referenced above. Other metals like W, Mo, or Ta
can be used as well. Silicides of such metals can potentially
be used as a substitute to pure metals. Further, the refractory
metals applied need not necessarily be limited to heavy
clements. For example, titanium diboride may be employed
as a carbon getter. Boron will also react with carbon to form
boron carbide, B,C.

In one aspect, as described herein, a top surface of
annealed Nickel silicide should preferably not contain any
free carbon, as free carbon might impact reliability of solder
metal adhesion. The top surface of the nickel silicide contact
may have increased carbon content; however, such increased
carbon should preferably be bound into refractory metal
carbides, as 1s the case with the examples for composition
profiles of Options 1 and 2. Precipitates (or clusters) of
non-reacted carbon may indeed be present 1n the bulk of the
nickel silicide contact layer without any adverse aflect on
contact reliability (e.g., the second silicide region 177a/
877a), as 1s the case for Option 2 of FIG. 4. However, the
structure of nickel silicide according to Option 2 1s free from
precipitates of non-reacted carbon for the third silicide
region 178a/878a, adjacent to the solder metal, which adja-
cent region 1s the most critical for adhesive properties of the
solder metal. Thickness of the adjacent region 178a/878a
should be at least approximately 10 nm 1n order provide a
possibility for some etchback of the silicide without reach-
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ing precipitates ol non-reacted carbon within the second
silicide region 177a/877a as a result of such etchback. In
some cases the layer of refractory metal carbide at the
interface of the nickel silicide to the solder metal may be
absent 1n completed S1C power device according to some
embodiments. Such an interfacial carbide layer at said
interface might, for example, be at least partially removed
during an 1n situ etchback preceding deposition of the solder
metal stack.

It 1s possible that the second silicide layer 177/877
contains precipitates ol free carbon only 1 a lower part
thereof, e.g., representing the transition from the first silicide
region 876 to the second silicide region 877 (e.g., as may
occur 1n the case of Option 1 of FIG. 3A, as represented 1n
FIG. 8A/8C). In other words, the transition from the first

silicide region 176/876 to the second silicide region 177/877
may not necessarily have a sharp boundary, and a certain
portion of carbon precipitates in the bulk of nickel silicide
would belong to the second layer of silicide.

In various implementations, boundaries for preferred
amounts of the carbon gettering metal, and/or for preferred
location of such metal prior to the laser anneal, may exist.
Some of those boundaries are disclosed above, e.g., 1n
relation to the embodiment related to process Option 1 of
FIG. 3A. The carbon gettering metal should preferably not
be placed next to the interface with SiC, due to the possi-
bility of suppression of carbon precipitate formation next to
the S1C surface, which suppression may increase the contact
resistance. In general, 1t has been shown that Ohmic contacts
to heavily n-doped Si1C substrates utilizing contacts of pure
nickel have 10 to 100 times lower specific resistance, due to
formation of interfacial free carbon, which free carbon has
a very low barrier height to n-type Si1C.

It 1s preferred that the gettering metal be separated from
S1C surface by at least 10 nm to 20 nm of nickel. Minor
amounts of the gettering metal under 10% to 15% may be
still be present as additions to the N1 layer deposited onto the
S1C surface prior to laser anneal, which possibility 1s dem-
onstrated by the role of Vanadium in 3 process options
disclosed above. The above description demonstrates the
significance of spacing away the gettering metal by a layer
ol mickel of suflicient thickness.

Thus, carbon gettering material that 1s too thick and/or
placed too closely to the S1C/Ni1Six interface may inhibit
formation of the interfacial carbon cluster region (1764,
876a, 976a) that are at least partially responsible for Ohmic
properties of the contact. On the other hand, too low of an
amount of the gettering metal will allow too much {free
carbon within the regions 177a, 877a, 977a, as well as near
the 1nterface of the NiSix layer and the solder metal layer,
1.e., regions 178a, 878a, 978a.

In the latter case, an 1impact of having insuflicient amounts
of gettering material may be observed from the role of
vanadium, which 1s disclosed 1n relation to earlier embodi-
ments. That 1s, as referenced, Vanadium 1s often added to
nickel sputtering targets in semiconductor manufacturing in
order to avoid the effects of mickel’s ferromagnetic proper-
ties of pure nickel, which ferromagnetic properties are
undesirable for certain types of metal sputtering tools.
Typical concentrations of vanadium additions are 7%, which
1s also the case with the N1i—V alloys described 1n earlier
embodiments. This concentration of 7% 1s, however, 1insut-
ficient to provide gettering of carbon at the level that is
required for stability of the backside contact stack. The
lower boundary for the amount of gettering metal in the
Ohmic metal stack (layers 160 and 161 as schematically
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represented 1n FIG. 1) may be estimated as being between
approximately 20% and 25%.

A minimum amount of a refractory metal (ReM) present
in the Nickel-ReM metal stack to be laser annealed may be
determines using stoichiometry rules. The amount of ReM
should be suflicient to adsorb the carbon generated by the
silicidation of Nickel with SiC, and without agglomeration
ol precipitates on non-reacted carbon at the top side of the
nickel silicide.

Almost all mickel deposited onto S1C prior to the laser
anneal will be reacted to form the nickel silicide; therefore,
every atom of Ni will, on average, produce 0.33 to 0.67
atoms of carbon, depending on actual nickel silicide com-
position, which may vary from Ni1,S1 to N1,51,. The amount
ol refractory metal 1n the laser-annealed metal stack should
be therefore suflicient to bind at least around 25% of the
carbon due to the formation of nickel silicide from S1C and
Ni. As referenced above, 1t 1s possible that all or almost all
of the deposited nickel undergoes silicidation, because the
refractory metal 1s dispersed and/or non-continuous, so little
or no silicon 1s prevented by the refractory metal from
diffusing through the layer of nickel.

A certain part of the released carbon may be still present
in the nickel silicide 1n the form of free carbon precipitates
in the bulk of the silicide. Part of those precipitates will be
located next to silicide interface to S1C, whereas another part
might be still present 1n the bulk of nickel silicide without
reaching the top silicide surface, as was demonstrated in
STEM analysis images of Option 2 process shown 1n FIG.
9. The part of non-reacted carbon i1n the bulk of Nickel
silicide may be up to 75% of the total amount released due
to the S1C reaction with Nickel. The remaining at least 25%
of released carbon may be bound to the carbides of refrac-
tory metal 1n order to avoid non-reacted carbon at the top
surface of the nickel silicide. As an example, the 50 nm of
T1 utilized 1n the process Option 2 will theoretically con-
sume up to 38% of the carbon generated by reaction of
Nickel with S1C to form Ni1,S1;. The number of 38%
accounts to the 7% fraction of vanadium in the deposited
N1—V layers, as vanadium also takes part in gettering of the
excessive carbon.

Exact minimum required amount of the refractory metal
will depend on the stoichiometry of the carbide formed by
the refractory metal. As an example, the stoichiometry
coeflicient 1s 1 for the case for Titanium, 1.e. 1 atom of Ti
binds 1 atom of carbon. If the refractory metal 1s introduced
as a silicide, the silicon released due to the refractory metal
carbide formation should be also accounted for 1n a corre-
sponding stoichiometry calculation. A minimum required
amount of the carbon gettering metal may depend on an
exact configuration of the laser-annealed metal stack, as 1s
clear from comparison of Options 1 and 2.

Positioning the gettering metal 1n the vicinity of the SiC
surface, as 1s the case for Option 1 of FIG. 3A, may promote
formation of refractory metal carbide next to the Si1C sur-
face. An example of said near-intertacial metal carbide layer
1s shown as layer 880 in FIG. 8A. Said near-interfacial
refractory metal carbide will in turn promote formation of
N1,S1 rather than of N1,S1,, in which case a lower amount of
carbon need be gettered.

In one aspect, the process of laser annealing the backside
contact 1s not expected to provide perfect umiformity over
the waler. As an example, available lasers do not provide a
possibility for exposing an entire waler backside at required
density level. The laser beam scanned over the wafer area,
and certain stitching of exposed area 1s present. The stitching
regions may be exposed under the conditions, which deviate
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from optimum, and full gettering of free carbon may not
necessarily occur at the interface of the silicide Ohmic
contact to the solder metal in such stitching regions.

Another possible source of irregularity might be contami-
nation of the S1C surface prior to metal deposition, because
the routines for cleaning the backside after water thinming
may not fully comply with the same standards as those
applied to the frontside process. Such regions of non-reacted
carbon next to the solder metal regions were not observed 1n
the samples formed according to Options 1, 2, or 3 according
to this description; however, they may potentially appear in
certain implementations.

The solder metal adhesion might be not dramatically
impacted provided the interfacial carbon next to 1ts interface
1s gettered to form refractory carbides 1n the dominant part
ol device area, 1n which case the resulting S1C device will
not substantially deviate from that taught 1n this description.
Regions of relatively poor solderable metal adhesion are
expected to form a discontinuous network if their fraction
does not exceed approximately one third of the total back-
side contact area, which number sets an example upper
boundary for the fraction of said defective portions with
non-gettered carbon 1n regions 178a. It 1s nevertheless
preferred that said fraction should be kept as low as possible,
preferably 0.1 or 0.01, or eliminated completely.

The laser anneal embodiments disclosed in the examples
above were performed using a pulsed visible-light laser
having a wavelength of 532 nm. This laser wavelength was
chosen for the considerations of compatibility of SiC pro-
cess with already existing process utilized for silicon device
processing, but other wavelengths may also be suitable, e.g.,
between 170 nm and 10 microns.

Earlier disclosures of the laser anneal of NiSix Ohmic
contacts to S1C are restricted to use of ultraviolet (UV)
lasers, which lasers had a wavelength of between approxi-
mately 360 nm and 240 nm. A UV laser might have the
advantage that the laser light penetrated through a portion of
the exposed metal layer will be likely adsorbed in the SiC.
This requirement 1s, however, not necessarily applied to the
laser anneal of Ni1S1x contacts to S1C. The laser damage of
topside device features 1s indeed theoretically possible uti-
lizing a visible-light anneal of the backside contact, because
S1C 1s transparent to the visible laser power, which laser
power might penetrate into S1C 1f annealed metal contact
contains voids. Nevertheless, the laser damage to said top-
side device pattern can be eliminated for both the Si1C
Schottky-diode and to the S1C MOSFET process. This 1s
achieved through application of standard semiconductor
process control to avoid large voids 1n the metal stack to be
laser-annealed.

The carbon gettering technique of NiSix laser-annealed
Ohmic contact formation to S1C disclosed herein may be
equally performed utilizing laser pulses of UV light. It may
be also possible utilizing a pulsed infrared (IR) laser for the
purpose of NiSix Ohmic contact anneal. The UV laser
anneal can, for example, be used 1t the process stability 1s
not good enough to ensure formation of continuous metallic
film at the wafer backside, which continuous metallic film 1s
required to protect the topside active-structure pattern from
excessive exposure to the visible laser light. One advantage
of using visible-light and IR laser systems might be their
lower equipment cost, because pulsed UV radiation 1s often
achieved by upconversion of either IR or of visible light.

It will be understood that, 1n the foregoing description,
when an element, such as a layer, a region, a substrate, or
component 1s referred to as being on, connected to, electri-
cally connected to, coupled to, or electrically coupled to
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another element, 1t may be directly on, connected or coupled
to the other element, or one or more intervening elements
may be present. In contrast, when an element 1s referred to
as being directly on, directly connected to or directly
coupled to another element or layer, there are no intervening
clements or layers present. Although the terms directly on,
directly connected to, or directly coupled to may not be used
throughout the detailed description, elements that are shown
as being directly on, directly connected or directly coupled
can be referred to as such. The claims of the application, if
any, may be amended to recite exemplary relationships
described 1n the specification or shown 1n the figures.

As used 1n the specification and claims, a singular form
may, unless definitely indicating a particular case in terms of
the context, include a plural form. Spatially relative terms
(e.g., over, above, upper, under, beneath, below, lower, and
so forth) are intended to encompass different orientations of
the device 1n use or operation 1n addition to the orientation
depicted 1n the figures. In some 1mplementations, the rela-
tive terms above and below can, respectively, include ver-
tically above and vertically below. In some implementations,
the term adjacent can include laterally adjacent to or hori-
zontally adjacent to.

Some 1mplementations may be implemented using vari-
ous semiconductor processing and/or packaging techniques.
Some 1mplementations may be implemented using various
types ol semiconductor processing techniques associated
with semiconductor substrates including, but not limited to,
for example, Silicon (S1), Gallium Arsenide (GaAs), Gal-
lium Nitride (GaNN), Silicon Carbide (S1C) and/or so forth.

While certain features of the described implementations
have been illustrated as described herein, many modifica-
tions, substitutions, changes and equivalents will now occur
to those skilled 1n the art. It 1s, therefore, to be understood
that the appended claims are intended to cover all such
modifications and changes as fall within the scope of the
implementations. It should be understood that they have
been presented by way of example only, not limitation, and
various changes in form and details may be made. Any
portion of the apparatus and/or methods described herein
may be combined 1n any combination, except mutually
exclusive combinations. The implementations described
herein can include various combinations and/or sub-combi-
nations of the functions, components and/or features of the
different implementations described.

What 1s claimed 1s:

1. A semiconductor power device, comprising:

a Silicon Carbide (S1C) layer having a power device
formed on a first surface thereot;

an Ohmic contact layer formed on a second, opposing
surface of the S1C layer, the Ohmic contact layer
including Nickel Silicide (N1S1x) with a first silicide
region contamning a first precipitate of non-reacted
carbon disposed between the S1C layer and a second
silicide region, the second silicide region disposed
between the first silicide region and a third silicide
region, and including a mixture of a first precipitate of
refractory metal carbide and a second precipitate of
non-reacted carbon, the third silicide region containing
a second precipitate of refractory metal carbide; and

at least one solder metal layer formed on the Ohmic
contact layer with the third silicide region disposed
between the second silicide region and the at least one
solder metal layer.

2. The semiconductor power device of claim 1, wherein

the first and second refractory metal carbide precipitates
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include at least 25% of carbon released from the S1C layer
during silicidation to form the NiSix.
3. The semiconductor power device of claim 1, wherein a
contact resistance between the Ohmic contact layer and the
S1C layer 1s less than about 0.1 mOhm*cm?2.
4. The semiconductor power device of claim 1, wherein
the first and second precipitates of non-reacted carbon
include carbon released from the SiC layer during silicida-
tion to form the NiSix.
5. The semiconductor power device of claim 4, wherein
the first refractory metal carbide precipitate and the second
refractory metal carbide precipitate include precipitates of a
first refractory metal included with the Nickel during for-
mation of the Ohmic contact layer, and precipitates of a
second refractory metal.
6. The semiconductor power device of claim 1, wherein
carbon 1n the third silicide region 1s included within the
second precipitate of refractory metal carbide over at least
fifty percent of a contact area of the third silicide region with
the at least one solder metal layer.
7. The semiconductor power device of claim 1, wherein
the first and second refractory metal carbide precipitates are
at least partially formed with a refractory metal having a
carbon athimity and at least partially melted within the N1S1x.
8. The semiconductor power device of claim 1, wherein
the S1C layer has a thickness of less than 280 um.
9. A semiconductor power device, comprising:
a Silicon Carbide (S1C) layer having a device formed on
a first surface thereof;

an Ohmic contact layer formed on a second, opposing
surface of the Si1C layer, the Ohmic contact layer
including Nickel Silicide (N1Six) with a first silicide
region containing a {lirst precipitate ol non-reacted
carbon disposed between the S1C layer and a second
silicide region, the second silicide region disposed
between the first silicide region and a third silicide
region, and mncluding a mixture of a first precipitate of
refractory metal carbide and a second precipitate of
non-reacted carbon, the third silicide region containing
a second precipitate of refractory metal carbide; and

at least one solder metal layer formed on the Ohmic
contact layer with the third silicide region disposed
between the second silicide region and the at least one
solder metal layer,

wherein the first refractory metal carbide precipitate and

the second refractory metal carbide precipitate contain
at least 25% of carbon released from the SiC layer
during silicidation to form the NiSix.

10. The semiconductor power device of claim 9, wherein
the third silicide region 1s substantially free of non-reacted
carbon released from the SiC layer during silicidation to
form the Ni1Six.

11. The semiconductor power device of claim 9, wherein
a contact resistance between the Ohmic contact layer and the
S1C layer 1s less than about 0.1 mOhm*cm?2.

12. The semiconductor power device of claim 9, wherein
the first and second refractory metal carbide precipitates are
formed with a refractory metal having a carbon athinity and
at least partially melted within the NiSix.

13. The semiconductor power device of claim 9, wherein
the S1C layer has a thickness of less than about 280 um.

14. A method of making a semiconductor power device,
the method comprising:

depositing a layer of Nickel onto a Silicon Carbide (51C)

substrate;
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depositing, subsequent to the depositing of the layer of performing a first laser anneal after depositing the layer of
Nickel, a layer of a refractory metal onto the layer of Nickel, and prior to the depositing of the layer of the
Nickel; refractory metal and the second layer of Nickel; and

performing at least one laser anneal of the layer of Nickel performing a second laser anneal after the depositing of

Ell}q t.he layer 'Of the r efractory met{ﬂ: to form a Nickel s the layer of the refractory metal and the second layer of
Silicide Ohmic contact layer including refractory metal Nickel

carbide precipitates; and
depositing at least one solder metal on the Nickel Silicide
Ohmic contact layer.

18. The method of claim 14, wherein the performing the
at least one laser anneal comprises:

performing the at least one laser anneal at a temperature

15. The method of claim 14, comprising: 10 . .
depositing a second layer of Nickel on the refractory suflicient to at least partially melt the layer of refractory
metal. metal.

19. The method of claim 14, comprising:

thinning the S1C substrate to a thickness of less than 280
um prior to depositing the layer of Nickel thereon.

20. The method of claim 14, wherein depositing the layer

of Nickel comprises:

depositing the layer of Nickel on a backside surface of the
S1C substrate, the backside surface being opposed to a
frontside surface on which a device structure 1s formed.

16. The method of claim 15, wherein the performing the
at least one laser anneal comprises:
performing a first laser anneal after depositing the layer of 15
Nickel and the layer of the refractory metal, and prior
to depositing the second layer of Nickel; and
performing a second laser anneal after the depositing of
the second layer of Nickel.
17. The method of claim 15, wherein the performing the
at least one laser anneal comprises: I I
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